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1.0  Introduction 


This  is  the  final  report  of  the  project  period  (1  Jan  1991  -  31  Dec  1994)  covering 
research  undertaken  under  sponsorship  of  the  Office  of  Naval  Research.  The  contract 
builds  upon  an  earlier  one,  viz  ‘The  Deposition  of  Multicomponent  Films  for  Electrooptic 
Applications  via  a  Computer  Controlled  Dual  Ion  Beam  Sputterring  System”  (ONR 
N0001 4-88-K-0526,  period  July  1 ,  1 988  to  Dec  31 ,  1991) 


The  project  objectives  include  the  deposition  of  KNbOs  thin  films  on  silicon,  sapphire, 
gallium  arsenide,  and  other  substrates;  the  design  of  simple  electro-optic  and  nonlinear 
optic  devices;  and  the  addressing  of  issues  of  scaleup. 


The  achievements  of  our  research  in  this  project  period  consist  of  the  following: 


1)  KNbOs  thin  films  can  be  produced  by  a  unique  ion  beam  deposition  method. 
These  films  have  been  characterized  by  x-ray  diffraction,  Rutherford 
backscattering  spectrometry,  atomic  force  microscopy,  transmission  electron 
microscopy,  scanning  electron  microscopy,  prism-coupling  and  an  optical  loss 
measurement.  The  results  show  that  the  films  are  highly  epitaxial,  dense,  and 
reproducible  with  the  proper  substrate  preparation  and  deposition  conditions. 

2)  The  characterization  of  the  electrooptic  properties  of  KNbOs  thin  films,  initiated 
under  the  previous  contract,  has  been  completed.  The  measured  values  of 
electrooptic  coefficients  were  larger  than  those  reported  in  the  literature. 

3)  Second  harmonic  generation  (SHG)  in  KNbOs  thin  films  has  been  demonstrated. 
IR  light  was  frequency  doubled  into  green  light  by  phase-matching  in  a  KNbOs 
thin  film  planar  waveguide.  We  have  collaborated  with  Battelle  Memorial  Institute 
for  these  measurements.  This  is  the  first  report  of  SHG  in  a  KNbOs  thin  film 
waveguide.  Results  are  extremely  promising  in  terms  of  blue/green  light  sources. 

4)  The  current  obstacle  for  the  development  of  KNbOs  waveguides  are  the  high 
optical  Josses.  Therefore,  the  optical  losses  in  the  KNbOs  waveguides  have  been 
correlated  with  different  film  microstructures  to  determine  the  dominant  loss 
mechanisms.  Other  oxide  materials  with  simpler  crystal  systems,  such  as  TasOs, 
K(Ta,Nb)Os.  and  KTaOs,  have  also  been  grown  to  aid  in  the  loss  study.  It  has 
been  shown  that  volume  absorption,  interface  scattering,  and  domain/grain 
boundary  scattering  must  all  be  minimized. 

5)  We  have  investigated  the  integration  of  KNbOs  thin  films  with  present 
semiconductor  technology.  Studies  include  include  the  deposition  and 


characterization  of  MgO  thin  fiim  buffer  iayers  on  siiicon,  gaiiium  arsenide,  and 
sapphire  substrates.  The  resuits  impiy  that  the  direct  deposition  on  Si  and  GaAs 
substrates  via  appropriate  buffer  iayers  are  iimited  primariiy  by  interface 
roughness. 


6)  A  coiiaboration  with  DuPont  has  resuited  in  the  deveiopment  of  an  ion-assisted 
deposition  system  and  a  novei  MOCVD  deposition  system.  These  systems 
aiiowed  us  to  expioit  various  processing  advantages  offered  by  each  technique 
and  extend  our  understanding  of  KNbOa  fiim  growth  and  microstructure. 


in  addition,  two  Ph.D  theses  were  compieted.  The  first,  by  Thomas  M  Graettinger, 
was  undertaken  iargeiy  under  the  auspices  of  the  previous  project,  but  compieted  under 
this  one.  A  second  Ph.D  thesis  was  compieted  by  Dr  Aiice  F  Chow. 

2.0  Accomplishments  -  NCSU 

2.1  Background 

Compact,  biue  or  green  iasers  can  increase  up  to  four  times  the  present  storage 
capacity  of  opticai  recording  disks.  An  infrared  iaser  beam  can  be  converted  efficientiy 
to  the  green  or  biue  by  second  harmonic  generation  using  high  quaiity  noniinear 
materiais  under  the  appropriate  conditions.  Many  approaches  have  been  examined  to 
develop  these  high  frequency  lasers.  Semiconductor  diode  lasers  from  ll-VI  materials 
have  potential:  however,  difficulties  arise  from  absorption  losses  and  doping  problems. 
Polymer  materials  have  also  been  interesting  because  of  their  large  nonlinearities  but 
their  processing,  purification,  and  crystallization  procedures  are  difficult,  and  the  laser 
damage  thresholds  are  low. 

Dielectric  oxides,  such  as  KTP,  KDP,  LiNbOs,  and  BaTiOs,  have  shown  success  in 
nonlinear  optics.  These  materials  in  the  form  of  an  optical  waveguide  can  potentially 
generate  extremely  high  fields  due  to  its  beam  confinement.  However,  low  conversion 
efficiencies,  impractical  for  a  viable  device,  have  consistently  been  met.  One  reason  for 
such  poor  efficiency  is  that  much  of  this  research  has  centered  around  bulk  crystals 
where  there  is  little  beam  confinement  and  consequently  low  power  densities  as 
compared  with  thin  film  waveguides.  Second,  although  researchers  have  generated 


blue  light  from  LiNbOs  thin  films,  the  nonlinear  properties  and  damage  threshold  of 
LiNbOs  are  not  favorable. 

KNbOs  possesses  one  of  the  highest  figures  of  merit  for  second  harmonic  generation, 
and  in  waveguide  form,  it  is  superior  to  most  other  oxide  materials  presently  being  used. 
However,  the  device  efficiency  is  limited  by  the  high  optical  losses.  Microstructural 
defects  and  interface  roughnesses  are  known  to  contribute  significantly  to  dielectric 
waveguide  losses.  Thus,  one  focus  of  the  research  has  emphasized  both  an 
investigation  of  the  materials  properties  that  affect  optical  losses  as  well  as  an 
exploration  of  the  potential  of  using  KNbOa  thin  films  for  second  harmonic  generation. 


2.2  Processing  of  KNbOs  Thin  Fiims 

KNbOs  thin  films  have  been  grown  on  various  single  crystal  substrates  including  MgO, 
MgAl204  (spinel),  and  KTaOs  to  explore  a  variety  of  film  properties  and  optical  losses. 

An  ion-beam  sputter  deposition  technique  has  been  developed  and  optimized  to  produce 
highly  epitaxial  and  dense  KNbOs  fhin  films.  Nb  and  KO2  targets  are  sequentially 

sputtered  by  an  xenon  ion  source  via  computer  control,  thus  allowing  a  layer  by  layer 
growth  to  be  implemented.  The  optimal  processing  parameters  include:  growth 
temperature  ranging  from  650  to  700°C,  beam  voltage  of  800  volts,  oxygen  pressure  of  1 
X  lO’^  Torr,  and  interdiffusion  layers  of  about  10  A.  The  deposition  procedure  can  be 
found  in  Appendix  6,  as  well  as  papers  published  under  the  auspices  of  the  previous 
project. 

Another  critical  factor  for  epitaxial  film  growth  is  the  substrate  surface  quality.  All 
substrates  are  at  least  cleaned  in  acetone,  methanol,  and  deionized  water  prior  to 
mounting  with  silver  paste  on  the  deposition  holder.  In  addition,  MgO  substrates  are 
annealed  at  1150°C  for  14  hours  to  eliminate  any  hydroxides  that  may  have  formed. 

Next,  substrates  are  cured  at  120°C  to  bake  off  solvents  from  the  silver  paste  and 
ensure  good  thermal  contact.  With  this  careful  substrate  preparation,  very  low  substrate 
surface  roughness,  rms  (root  mean  square)  values  of  8  to  15  A,  can  be  achieved.  A 
study  of  the  annealed  substrate  surface  showed  that  substrates  need  to  be  used  within  a 
few  days  before  hydroxide  growth  recur. 


In  the  pursuit  of  high  quality  thin  films,  various  substrates  were  investigated  to  search  for 
the  smoothest  surface  possible.  It  was  discovered  that  the  MgO  substrate  surface 
characteristics  differed  depending  on  the  vendor.  Sapphire  substrates  polished  by  a 
novel  technique  possessed  lowest  surface  roughness  according  to  our  experience. 
Optical  losses  have  shown  to  decrease  significantly  when  the  substrate  surface  is 
smoother.  These  results  are  further  discussed  in  Appendix  1 ,  as  well  as  the  Ph.D.  thesis 
of  Alice  Chow. 


2.3  Characterization  of  KNbOs  Thin  Films 

X-ray  diffraction  is  systematically  used  to  confirm  a  single  orthorhombic  film  orientation 
for  the  KNbOa  thin  films.  X-ray  rocking  curves  and  Rutherford  backscattering 

spectroscopy  channeling  provide  information  about  the  grain  tilt  and  misorientation,  in 
turn  revealing  the  epitaxial  integrity  of  the  films.  Both  measurements  revealed  the 
KNbOs  filTis  to  possess  highly  epitaxial  orientation.  X-ray  rocking  curve  FWHM  values 
of  0.25°,  0.30°,  and  0.84°  were  detected  for  films  on  KTaOs,  spinel,  and  MgO, 
respectively,  while  channeling  displayed  minimum  yields  of  7%,  9%,  and  1 8%, 
respectively,  for  the  niobium  peak.  A  strong  correlation  between  the  lattice  mismatch 
and  the  grain  tilt  can  be  made,  as  the  lowest  amount  of  grain  tilt  was  detected  for  films 
on  KTaOs  where  the  lowest  lattice  mismatch  occurs.  The  surface  roughnesses  of  the 

films  were  measured  by  atomic  force  microscopy.  Low  film  surface  roughnesses  with 
rms  values  of  only  13  to  37  A  were  found.  These  results  are  discussed  in  detail  in 
Appendix  6. 

The  film  refractive  indices  were  found  to  be  close  to  the  bulk  KNbOa  refractive  index 
values.  The  TE  (light  polarized  in  the  film  plane)  film  refractive  indices  range  from  2.27 
to  2.29  while  for  the  TM  (light  polarized  perpendicular  to  the  film  plane)  mode,  2.20  to 
2.23  were  measured.  The  TE  and  TM  bulk  refractive  indices  for  our  film  orientation  are 
2.274  and  2.222,  respectively.  The  closeness  of  these  film  values  to  the  bulk  suggests 
that  these  films  are  of  good  crystalline  quality  and  density.  (Film  density  is  an  problem 
mentioned  by  researchers  reporting  on  other  process  methods.) 

The  optical  losses  were  analyzed  by  a  optical  fiber  method.  An  optical  fiber  scans  the 
scattering  light  as  seen  from  the  film  waveguide  surface  and  the  intensity  is  digitized  to  a 
nanovoltmeter.  For  dielectric  optical  waveguides,  the  dominant  loss  mechanism  is 


scattering  losses.  Thus,  the  optical  fiber  method  for  loss  measurement  is  appropriate 
under  the  assumption  that  the  total  optical  losses  of  the  films  are  comprised  basically  of 
the  scattering  losses  measured.  Guided  light  streaks  of  >  8mm  were  found  for  KNbOs 

films  of  -950  to  1200  A,  while  thicker  films  exhibited  shorter  streaks  of  only  2  to  3  mm. 
The  optical  losses  were  calculated  to  be  around  30  dB/cm  for  the  thinner  films  while  >  50 
dB/cm  losses  were  measured  for  the  thicker  films.  Since,  the  microstructure  and  surface 
roughness  of  the  films  did  not  change  with  thickness,  the  likely  explanation  for  the 
disparity  in  losses  is  discussed  in  the  following  section. 

Two  types  of  scattering  losses  exist:  surface  and  volume  scattering.  Surface  scattering 
is  attributed  to  the  inhomogeneous  boundaries  at  the  substrate/film  and  film/air 
interfaces.  Any  roughness  of  these  interfaces  allows  the  electromagnetic  field  to 
scattering  incoherently.  However,  surface  scattering  should  decrease  as  the  film 
thickness  increases  due  to  a  reduced  number  of  reflections.  This  effect  is  the  opposite 
of  the  trend  that  we  observe.  On  the  other  hand,  the  volume  scattering  phenomenon 
would  yield  the  behavior  we  observe.  Volume  scattering  is  comprised  of  microstructural 
defects  including  grain  boundaries  and  impurities.  If  indeed  the  film-material  properties 
are  not  changing  with  thickness,  then  the  actual  film  losses  should  not  be  changing 
either.  However,  as  the  thickness  of  the  films  decreases,  more  of  the  field  is  propagating 
in  the  low  loss  single  crystal  substrate.  Therefore,  the  total  losses  measured  for  the 
waveguide  decrease  as  the  film  thickness  decreases.  There  are  two  possible  factors  for 
the  high  volume  losses.  First,  90°  twin  domains  form  upon  transforming  from  the 
tetragonal  to  the  orthorhombic  orientation.  Light  attenuation  occurs  as  these  domain 
boundaries  are  traversed.  Second,  although  the  amount  of  grain  misorientation  has 
been  found  to  be  small,  nevertheless  these  low  angle  grain  boundaries  can  contribute  to 
the  scattering  losses  in  a  similar  fashion  as  the  twin  domains.  Appendix  7  contains 
additional  information  regarding  KNbOs  optical  loss  theory. 

It  should  also  be  noted  that  as  the  losses  are  strongly  thickness  dependent,  it  is 
important  to  characterize  the  thickness  dependence  of  the  losses,  as  described  above. 
This  approach  is  not  normally  adopted  by  researchers  in  the  field  of  crystalline  oxide 
films.  The  problem  is  that  it  is  easy  to  produce  anomalously  low  losses  simply  by  having 
relatively  little  of  the  light  confined  within  the  film.  (See  Appendices  1  and  7) 


2.4  Ta205,  K(Ta,Nb)03,  and  KTaOa  Thin  Films 


Ta205,  K(Ta,Nb)03,  and  KTaOs  thin  films  have  been  grown  by  ion  beam  sputtering  on 
MgO  and  AI2O3  substrates  to  isolate  various  loss  mechanisms.  These  samples  were 
subjected  to  post-deposition  annealing  treatments  and  various  oxygen  pressure 
conditions.  Their  optical  properties  would  reflect  the  loss  mechanisms  that  are 
characteristic  of  the  different  crystal  structures. 

Amorphous  Ta205  films  were  deposited  by  ion  beam  sputtering  of  a  tantalum  metal 
target  in  an  oxygen  environment.  The  amorphous  nature  of  the  films  suggests  that 
interface  and  surface  roughnesses  alone  contribute  to  losses.  Therefore,  the  optical 
properties  of  these  films  would  reveal  the  lowest  losses  achievable  for  our  deposition 
apparatus.  Initial  films  suffered  from  oxygen  deficiency  and  thus,  displayed  no  light 
streaks  and  higher  than  bulk  refractive  indices.  However,  with  post-deposition  annealing 
in  oxygen  or  with  increased  oxygen  flow  during  deposition,  long  light  streaks  and  near 
bulk  refractive  indices  were  observed,  indicative  of  high  optical  quality  films.  Elastic 
resonant  scattering  experiments  which  can  analyze  oxygen  content  confirmed  the 
oxygen  deficiency.  Under  optimum  conditions,  the  lowest  loss  streak  measured  in  the 
Ta205  films  was  less  than  5  dB/cm.  These  results  emphasize  the  importance  of  oxygen 

stoichiometry  in  reducing  the  optical  losses.  It  is  deduced  that  the  oxygen  vacancies  act 
as  volume  scattering  or  absorption  centers. 

Tetragonal  K(Ta,Nb)03  films  are  interesting  because  of  their  high  nonlinearity  and  the 

absence  of  twin  domains  when  grown  in  the  unique  direction.  These  films  were  grown 
by  sequential  sputtering  of  Ta  and  Nb  metal  targets  and  one  KO2  target.  Film 

composition  was  easily  controlled  by  adjusting  the  target  sputtering  times.  The  optical 
losses  were  consistent  with  the  KNb03  film  results,  which  might  suggest  that  the  same 

dominant  loss  mechanism  is  present  in  both  sets  of  films.  Conventional  XRD  analysis 
cannot  confirm  whether  the  direction  of  growth  is  the  a-axis  or  c-axis  in  the  K(Ta,Nb)03 

films.  Therefore,  it  is  highly  possible  that  these  films  contain  both  types  of  domains  and 
twin  domain  scattering  is  evident. 

Cubic  KTa03  films  were  deposited  by  ion  beam  sputtering  of  a  Ta  metal  target  and  two 
KO2  targets.  At  first,  these  films  showed  no  light  streaks  and  low  refractive  indices. 
However,  upon  annealing  in  oxygen,  the  losses  decreased,  which  again  suggest  the 
importance  of  adequate  oxygenation.  In  this  case,  the  post-deposition  annealing  times 


and  temperatures  were  critical,  since  film  roughening  can  occur  and  increase  the  losses 
tremendously.  It  was  discovered  that  the  lowest  losses  were  obtained  when  annealed  at 
a  compromise  temperature  of  650°C  for  2  hours  in  O2.  Details  of  these  results  are 

discussed  in  Appendix  1 . 

3.0  Second  Harmonic  Generation  -  Battelle/NCSU  Collaboration 

A  Nd:YLF  laser  source  with  wavelength  of  1 .053  urn  was  used  as  the  fundamental  beam 
for  SHG  measurements  in  the  KNbOs  thin  film  planar  waveguides.  Under  mode-locked 

operation,  80  psec,  100  MHz  pulses  were  first  directed  transversely  through  the  sample. 
Thereafter,  a  harmonic  beam  splitter  transmits  the  fundamental  beam  to  a  beam  block 
while  the  second  harmonic  is  reflected  through  a  tilted  532  nm  bandpass  filter  onto  a 
ground-glass  screen.  Strong  green  light  was  observed  for  KNbOs  films  with  thicknesses 
varying  from  4600  to  6500  A.  Next,  light  was  coupled  into  a  KNbOs  film  on  an  MgO 
substrate  with  a  varying  thickness  from  2200  to  2800  A  via  a  90°  rutile  prism  in  a 
waveguiding  mode.  This  assures  that  phase-matching  will  occur  at  some  point  on  the 
film.  A  3  to  4  mm  green  light  streak  can  be  seen  when  coupling  in  the  TMq  mode, 
calculations  confirm  that  the  TMq  mode  (at  1 .053  urn)  is  phase-matching  with  the  TEi 

mode  (at  5265  A)  by  modal  dispersion  at  a  film  thickness  of  about  2300  A.  This  is  the 
first  demonstration  of  SHG  by  a  KNbOs  fbin  film  in  a  waveguide  configuration. 

Furthermore,  we  expect  these  films  will  similarly  demonstrate  SHG  of  blue  light  with  the 
appropriate  laser  source.  More  details  of  the  SHG  experiments  can  be  found  in 
Appendix  2. 


4.0  Buffer  Layers  on  Silicon,  Gallium  Arsenide,  and  Sapphire 

Preferrentially  oriented  [100]  magnesium  oxide  buffer  layers  have  been  grown  on 
sapphire  (1102),  silicon  (100),  and  gallium  arsenide  (100)  as  documented  by  XRD  and 
TEM  electron  diffraction  patterns.  Careful  substrate  preparation  and  unique  deposition 
conditions  particular  to  our  ion  beam  system  are  necessary,  particularly  for  the  latter  two 
substrates  due  to  surface  oxides.  The  native  oxide  of  silicon  inibits  the  growth  of 
epitaxial  thin  film  growth.  Therefore  a  chemical  process  was  used  to  form  a  hydrogen 
terminated  surface  on  the  silicon  prior  to  introducing  the  substrate  into  the  deposition 
chamber.  Nevertheless,  silicon  oxidizes  upon  heating  to  the  MgO  deposition 
temperature  of  450-550°C  and  therefore  highly  oriented  films  are  difficult  to  grow.  On 


GaAs,  the  substrate  is  ramped  up  to  620''C  for  2  min.  prior  to  deposition  to  remove  its 
oxide  layer  and  there  after  cooled  to  the  MgO  deposition  temperature  for  growth. 
Meanwhile,  MgO  growth  on  sapphire  gave  much  more  highly  oriented  films  and  without 
a  complex  surface  preparation  procedure.  We  selected  the  substrate  orientation  to  be 
(1102)  r-cut  with  a  four  degree  off  axis  tilt  which  we  calculated  from  atomic  modeling  to 
provide  a  good  lattice  match  with  (100)  MgO.  In  light  of  the  high  quality  MgO  buffer 
layer  on  sapphire,  silicon-on-sapphire  applications  will  be  explored.  Appendix  10  reports 
on  these  experiments. 


5.0  Accomplishments  -  DuPont/NCSU  Collaboration 

5.1  Background 

The  research  plan  for  the  NCSU/DuPont  collaboration  include  the  following: 

1)  Transfer  of  ion  beam  expertise  from  NCSU  to  DuPont  to  develop  an  ion  beam 
assisted  deposition  system  and  MOCVD  deposition  system. 

2)  Deposition  and  characterization  of  KNbOs  thin  films  using  the  ion  beam  sputter 
co-deposition  system. 

3)  Thin  film  growth  of  other  materials  that  are  applicable  to  nonlinear  optics. 

5.2  Development  and  testing  of  ion  beam  sputter  co-deposition  system. 

The  ion  beam  sputter  co-deposition  system  consists  of  a  high  vacuum  stainless  steel 
chamber  containing  three  independent  ion  source-target  pairs  for  co-sputtering  material 
onto  a  single  3  inch  substrate.  The  substrate  is  heated  by  quartz  lamps  to  a  maximum 
temperature  of  900°C.  In  addition  to  the  3  primary  sputtering  ion  sources,  a  fourth  ion 
source  was  installed  for  ion  assisted  growth.  This  source  provides  direct  low-energy  ion 
bombardment  of  the  growing  film  which  has  been  shown  by  others  to  be  a  very  useful 
tool  for  modifying  microstructures  and  physical  properties,  and  for  lowering  the 
deposition  temperature  for  high  quality  thin  film  growth.  The  deposition  system  also 
includes  three  quartz  crystal  resonators,  one  of  which  monitors  the  sputtered  flux  from 


each  of  the  three  sputtering  targets.  A  personal  computer  monitors  the  feedback  from 
the  resonators  and  has  the  ability  to  change  the  ion  beam  current  on  each  target  to 
maintain  a  desired  sputtered  flux  rate  and  thus  achieve  correct  chemical  stoichiometry. 


5.3  Deposition  of  KNbOs  thin  fiims. 

Drawing  upon  the  expertise  developed  at  NCSU,  KNbOa  thin  films  were  grown  at 
DuPont  using  the  co-deposition  system.  Epitaxial  (110)  oriented  single  phase  KNbOs 

thin  films  were  grown  on  MgO  (100)  single  crystal  substrates.  A  six  inch  diameter 
elemental  niobium  target  and  a  six  inch  diameter  potassium  superoxide  (KO2)  target 
were  co-sputtered  to  achieve  stoichiometric  epitaxial  KNbOa  films.  Films  were 
deposited  between  600°C  and  650°C  with  a  background  pressure  of  1-2  x  10"^  torr 
molecular  oxygen.  Primary  sputtering  ion  energies  were  kept  in  the  range  of  500-1 000 
eV  to  minimize  damage  to  the  growing  film  from  high-energy  backscattered  ions. 
Rutherford  backscattering  spectrometry  (RBS)  was  used  to  determine  the  cation 
stoichiometry  and  thickness  of  the  films.  This  RBS  analysis  was  performed  at  the 
University  of  Pennsylvania  in  Philadelphia.  Films  deposited  at  NCSU  were  also 
analyzed  at  U.  Penn,  providing  an  independent  measurement  to  the  analysis  done  at 
the  University  of  North  Carolina  at  Chapel  Hill.  Results  of  the  independent  analyses 
agreed  very  well. 


5.4  Film  epitaxy  studies  using  x-ray  diffraction. 

To  use  a  thin  film  as  a  medium  for  second  harmonic  generation,  phase  matching  of  the 
fundamental  and  second  harmonic  waves  must  occur.  Normally  this  is  only 
accomplished  in  certain  crystallographic  directions  of  a  crystal.  Therefore,  it  is  desirable 
to  produce  a  thin  film  that  is  a  single  crystal,  requiring  in-plane  orientation  of  the  film. 

The  standard  x-ray  diffractometer  theta-two  theta  scan  is  a  powerful  technique  for 
identification  of  phases  and  for  determining  if  any  preferential  orientation  exists  in  a  film. 
However,  the  standard  diffraction  pattern  reveals  nothing  about  the  in-plane  orientation 
of  the  film.  In  order  to  investigate  the  in-plane  orientation  of  the  KNbOs  thin  films  from 

both  NCSU  and  DuPont,  a  pole  figure  rotation  stage  in  combination  with  an  x-ray 
diffractometer  was  used.  This  apparatus  has  the  ability  to  probe  crystal  planes  which 
are  not  parallel  to  the  substrate  surface.  Analysis  of  the  films  using  this  apparatus 


revealed  that  the  [1 1 0]  axes  of  the  films  are  tilted  along  the  cubic  directions  of  the  MgO 
substrate  by  as  much  as  1 .5  degrees.  Films  deposited  at  both  NCSU  and  DuPont 
exhibit  this  behavior  suggesting  that  the  tilt  is  a  substrate  influenced  characteristic  and 
not  related  to  the  deposition  method.  The  tilt  is  thought  to  be  a  strain  accommodation 
mechanism  produced  as  a  result  of  the  relatively  large  lattice  mismatch  between  KNbOs 

and  MgO  (6%).  In  addition,  the  tilt  is  an  indication  that  in-plane  rotation  exists  in  the 
films.  This  in-plane  rotation  must  be  overcome  for  efficient  phase  matching  to  be 
possible  in  these  films. 


5.5  Optical  characterization  of  the  KNbOs  thin  films. 

The  indices  of  refraction  of  NCSU  and  DuPont  KNbOs  thin  tiinris  were  measured  using 
the  prism  coupling  m-line  technique  at  DuPont.  NCSU  and  DuPont  films  supported  both 
TE  and  TM  guided  modes.  The  measured  indices  (nTE=  2.286  ,  nTM=2.202  NCSU  ; 
nTE=  2.221  ,  nTM=2.198  DuPont)  compare  very  closely  to  the  bulk  values  of  KNbOs  tor 

equivalent  orientation.  Birefringence  was  not  observed  in  the  plane  of  the  films  which 
substantiates  the  earlier  conclusion  that  in-plane  rotation  exists  in  the  films. 

A  fiber  probe  was  prepared  at  DuPont  to  measure  the  optical  propagation  losses  in  the 
KNbOs/MgO  films.  However,  scattering  was  too  large  in  the  films  and  prevented  use  of 

the  probe. 


5.6  Deposition  of  KTP  films. 

DuPont  has  identified  potassium  titanyl  phosphate  (KTi0P04,  KTP)  as  an 
important  material  for  non-linear  optical  applications.  Initial  work  has  been 
done  toward  depositing  thin  films  of  this  material  using  the  co-sputtering 
deposition  system.  A  stoichiometric  KTP  pressed  powder  target  was  used  for  the  initial 
experiments.  Depositions  in  a  molecular  oxygen  background  resulted  in  potassium  and 
phosphorus  deficient  films  on  room  temperature  and  heated  y-cut  quartz  substrates. 
Potassium  superoxide,  titanium,  and  titanium  phosphide  (TiP)  targets  have  since  been 
obtained  and  will  be  used  in  the  future  for  co-deposition  experiments. 


5.7  MOCVD 


MOCVD  is  used  for  the  first  time  to  grow  KNbOs  thin  films.  A  high  deposition  rate,  large 
area  deposition,  and  conformai  converage  are  among  the  technique’s  attractions.  Soiid 
metalorganic  source  materiais  are  passed  through  a  very  sharp  temperature  gradient 
allowing  them  to  immediately  sublimate,  upon  which  a  He  carrier  gas  transports  the 
materials  through  heated  tubes  to  the  reaction  chamber.  Molecuiar  oxygen  is  then 
introduced  to  the  gases  prior  to  entering  the  chamber  to  ensure  a  sufficient  amount  of 
oxygen  for  oxide  film  growth.  The  film  stoichiometry  and  growth  rate  can  be  controlled 
by  adjusting  the  flow  rate  of  the  sources  through  the  temperature  gradient.  Appendix  4 
and  5  are  referred  for  further  information  on  the  work  done  at  DuPont. 
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Abstract  KNbOs,  K(Ta,Nb)03,  KTaOs,  and  Ta205  thin  films  have  been  grown 
by  ion-beam  sputter  deposition.  KNb03  has  excellent  nonlinear  properties  for 
second  harmonic  generation;  however,  high  optical  losses  are  still  characteristic 
of  these  films.  Several  loss  mechanisms,  such  as,  high  angle  grain  boundaries, 
twin  domains,  interface  and  surface  scattering,  and  oxygen  vacancies  can  all 
contribute  to  the  high  losses.  In  order  to  isolate  the  various  mechanisms, 
amorphous  Ta205  films,  epitaxial  cubic  KTa03  and  tetragonal  K(Ta,Nb)03 
films  were  grown  on  MgO  and  AI2O3  substrates  subjected  to  post-deposition 
annealing  treatments  and  various  oxygen  pressure  conditions.  The  optical  losses 
and  refractive  indices  were  observed  to  differ  depending  on  the  substrate  surface 
and  annealing  treatments.  Resonant  scattering  experiments  were  performed  to 
analyze  the  oxygen  composition.  The  optical  properties  of  these  oxide  thin  film 
systems  are  reported  and  the  breakdown  of  the  loss  mechanisms  is  addressed. 
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INTRODUCTION 


The  demand  for  increasing  present  optical  recording  densities  can  be  met  by  blue  or 
green  lasers.  *  One  of  the  most  promising  methods  of  generating  the  higli  frequency  is 
by  second  harmonic  generation  (SHG)  where  an  IR  laser  can  frequency  double  into  the 
blue  or  green  via  a  nonlinear  material.  Potassium  niobate  (KNb03)  is  an  excellent 
candidate  for  SHG  due  to  its  high  nonlinear  coefficients,  large  birefringence,  noncritical 
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phase-matching,  high  damage  threshold,  and  transparency  in  the  appropriate 
wavelengths.  Moreover,  higher  power  densities  can  be  achieved  in  a  thin  film 
waveguide  configuration  due  to  beam  confinement,  and  direct  integration  with  present 
semiconductor  materials  is  possible.^ 

Although  SHG  has  been  demonstrated  recently  in  KNbOs  thin  films,^  the  high  ' 
losses  present  in  most  film-waveguides  are  problematic  and  must  be  overcome  for 
practical  device  applications.  The  research  focused  on  the  breakdown  of  loss 
mechanisms  is  at  a  nascent  stage;  several  groups  have  generated  valuable  models.^  We 
approach  the  problem  of  the  high  KNbOs  losses  by  studying  oxide  systems  with  simplei 
structures  where  specific  loss  mechanisms  are  eliminated  and  isolated  in  order  to 
understand  their  contribution  to  losses. 

The  microstructural  and  optical  properties  of  the  KNbOs  films  are  summarized 
as  reported  by  previous  work.5  Basic  loss  theory  is  addressed  where  the  relevant 
mechanisms  are  noted.  Tetragonal  potassium  tantalum  niobate  (K(Ta,Nb)Os),  cubic 
potassium  tantalate  (KTaOs),  and  amorphous  tantalum  oxide  (Ta205)  films  were 
deposited  by  ion-beam  sputtering  and  their  properties  and  pertinence  to  the  loss  study 
are  discussed.  The  characterization  techniques  used  include  prism-coupling  to  measure 
the  refractive  index,  an  optical  fiber  loss  method  to  quantify  the  optical  scattering  losses 
atomic  force  microscopy  (AFM)  to  probe  surface  roughness,  and  elastic  resonant 
scattering  to  analyze  oxygen  composition. 


KNbpT  FILMS 

Ion-beam  sputter  deposition  was  used  to  deposit  all  the  oxide  films.  For  KNbOs  film 
deposition,  two  potassium  superoxide  (KO2)  targets  and  one  niobium  target  were 
sequentially  sputtered.  The  details  of  the  deposition  process  can  be  found  in  another 
paper.5  The  films  were  grown  on  MgO,  MgAl204,  and  KTaOs  substrates.  X-ray 
diffraction  (XRD)  revealed  the  films  to  be  orthorhombic  (110)  single  orientation.  XRD 
rocking  curves,  Rutherford  backscattering  spectrometry  (RBS)  channeling,  and 
transmission  electron  microscopy  diffraction  analyses  showed  the  films  to  possess  a  high 
degree  of  epitaxy.  Small  grain  sizes  (1000  to  5000  A)  were  detected  and  the  film 
surface  roughnesses  were  low  with  root  mean  square  (rms)  values  between  9  and  37  A 
by  AFM.  The  refractive  indices  approach  bulk  values  indicating  dense  films.  These 
results  are  summarized  in  Table  I. 
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TABLE  I  Summary  of  KNbOs  thin  film  microstructural  and  optical 
properties  on  KTaOs,  MgAl204,  and  MgO  substrates. 


KNbOs  on  KTaOs  MgAl204  MgO 

Substrate _ (001) _ (001) _ (001) 


FWHM 
rocking  XRD 

0.25° 

RB  S/channeling 
%b,  % 

7% 

Grain  size 

-3-5000  A 

Grain  tilt  from 
TEM 

2  to  3° 

Film  refractive 
index,  TE,  TM 

2.27,— 

Surface 
roughness,  rms 

21  A 

0.30° 

o 

OO 

O 

9%,  15% 

18%,  49% 

-1000  A 

-1200  A 

2  to  3° 

10° 

2.28, 2.21 

2.28,  2.21 

9-19  A 

18-37  A 

The  optical  losses  were  measured  by  an  optical  fiber  method.  An  optical  fiber 
scans  the  length  of  the  light  streak  and  measures  the  scattering  intensity  where  the  signal 
is  fed  into  a  photodiode  and  nanovoltmeter.  A  longer  scattered  light  streak  reflects  a 
lower  loss  for  the  waveguide.  For  the  KNbOs  fUnis,  longer  streaks  were  observed  for 
thinner  films  as  shown  in  Figure  1. 


Figure  1  Streak  length  of  KNbO^  waveguide  versus  film  thickness. 
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According  to  loss  mechanism  theory,  this  would  support  a  volume  scattering  mechanism 
rather  than  a  surface  scattering  mechanism.  If  the  majority  of  losses  took  place  in  the 
bulk  of  the  film,  higher  losses  would  be  observed  as  films  became  thicker.  On  the  other 
hand,  if  interface  and  film  surface  scattering  were  dominating,  then  thicker  films  would 
possess  lower  losses  since  there  are  fewer  reflections  at  the  boundaries  in  the  waveguide 
for  an  arbitrary  distance  in  thicker  films. 

Several  volume  scattering  mechanisms  could  be  contributing  to  the  losses  in  the 
KNbOs  films.  These  include  twin  domains  that  form  in  the  orthorhombic  structure, 
grain  boundary  scattering  and  grain  size,  and  oxygen  vacancies.  In  addition,  there  is 
always  a  surface  scattering  component  that  is  affected  by  the  interface  and  film 
roughness.  In  order  to  isolate  these  various  mechanisms,  other  oxide  systems  of  simpler 
structures  were  grown  and  analyzed  where  the  range  of  bulk  scattering  mechanisms 
gradually  narrow  as  seen  in  Table  n.  In  the  case  of  amorphous  Ta205  films,  the  loss  due 
to  surface  scattering  can  be  focused  in  the  absence  of  oxygen  vacancies  which  would  be 
significant  in  determining  the  minimum  surface  scattering  contribution  to  losses  under 
optimum  conditions  (devoid  of  bulk  scattering). 

TABLE  n  Thin  film  oxide  systems  and  the  possible  volume  scattering  sources. 


Thin  film  oxide 

Volume  scattering  source 

orthorhombic  KNbOs 

twin  domains, 
grain  boundaries, 
oxygen  vacancies 

tetragonal  K(Ta,Nb)03 

twin  domains? 
grain  boundaries, 
oxygen  vacancies 

cubic  KTaOs 

grain  boundaries, 
oxygen  vacancies 

amorphous  Ta205 

oxygen  vacancies 

AMORPHOUS  TaoO^  FH  MR 

Ta205  films  were  deposited  by  ion-beam  sputter  deposition  of  a  tantalum  metal  target  in 
an  oxygen  environment.  Initial  films  showed  no  light  streaks  and  refractive  indices 
higher  than  the  bulk  value  of  2.20.^  Oxygen  deficiency  in  the  films  was  suspected  and 
therefore,  a  film  was  annealed  at  560°C  for  20  minutes  in  oxygen.  The  post-deposition 
anneal  lowered  the  refractive  index  close  to  that  of  bulk  and  a  long  light  streak  extending 
the  length  of  the  sample  (>  8mm)  was  observed.  Next,  the  oxygen  flow  during 
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deposition  was  increased  to  similarly  improve  the  film  quality  but  without  post¬ 
deposition  annealing.  Figure  2  shows  a  plot  of  the  refractive  index  versus  deposition 
rate.  With  increasing  oxygen  flow,  both  the  refractive  index  and  deposition  rate 
decreased  as  expected. 


Figure  2  Ta^O^  refractive  index  and  deposition  rate  for  increasing 
oxygen  flow  during  deposition. 


Figure  3  Resonant  scattering  spectrum  for  a  Ta^O^  film  on  MgO. 

Since  all  the  oxide  films  were  deposited  on  oxide  substrates,  the  oxygen  content 
of  the  films  cannot  be  quantified  by  RBS  because  the  oxygen  film  peak  is  obscured  by 
the  substrate  peak.  Elastic  resonant  scattering  is  one  technique  that  enhances  the 
scattering  of  the  oxygen  peak,  and  thus,  oxgyen  composition  of  different  films  can  be 
compared.  Resonant  scattering  experiments  were  performed  with  a  3.09  MeV  helium 
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ion  beam  energy  and  a  scattering  angle  of  160.27°.  A  typical  resonant  scattering 
spectrum  of  a  Ta205  film  on  a  MgO  substrate  is  seen  in  Figure  3.  The  normalized 
oxygen  content  versus  deposition  rate  of  the  various  Ta205  films  with  increasing  oxygen 
flow  during  deposition  is  shown  in  Figure  4.  (The  oxygen  counts  were  normalized  to  the 
film  with  the  highest  oxygen  flow.)  This  graph  suggests  that  the  original  films  were 
indeed  oxygen  deficient  and  the  films  showed  long  light  streaks  and  lower  losses  only 
upon  increasing  the  oxygen  flow.  A  loss  of  13  dB/cm  was  attainable. 


Figure  4  Normalized  oxygen  content  of  Ta^O^  films  with  increasing 
deposition  rate  and  oxygen  flow. 


In  order  to  further  lower  the  losses  and  also  to  evaluate  the  effect  of  substrate 
roughness  on  losses,  an  extensive  AFM  study  on  various  substrates  was  performed. 
First,  MgO  substrates  from  various  vendors  were  analyzed.  The  substrate  surface 
roughness  seemed  to  vary  depending  on  the  vendor  as  seen  in  Table  El. 


TABLE  ni  AFM  data  of  as-received  MgO  substrates  from  four  vendors. 


MgO  substrate  vendor 

Rms  (A) 

Maximum  feature 
height  (A) 

Advanced  Composite 
Materials 

23 

196 

ESPI 

19 

218 

Commercial  Crystal  Lab 
(C.C.L.) 

48 

507 

Marketech 

94 

765 
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One  reason  for  the  deviation  is  the  susceptibility  to  hydroxide  growth  of  the 
MgO  surface.  To  eliminate  the  surface  hydroxides,  the  substrates  were  subjected  to  a 
high  temperature  anneal  at  1 150°C  for  14  hours  in  oxygen.  However,  it  was  important 
to  use  the  annealed  substrate  within  a  few  days,  otherwise  hydroxide  growth  begins  to 
occur  as  shown  in  Table  IV. 


TABLE  rV  AFM  results  of  an  annealed  MgO  substrate  over  14  days. 


MgO  substrate 

Rms  (A) 

Maximum  feature 
height  (A) 

Day  one  of  anneal 

13 

127 

Day  four  after  anneal 

12 

107 

Day  seven  after  anneal 

32 

833 

Day  ten  after  anneal 

53 

1133 

Day  fourteen  after 
anneal 

48 

2733 

Table  V  compares  the  AFM  results  of  other  substrates  that  were  analyzed.  A  sapphire 
substrate  with  a  novel  superpolish  was  obtained  from  Crystal  Systems  that  exhibited  an 
rms  of  only  3.2  A  by  AFM.  When  an  amorphous  Ta205  film  was  deposited  on  that 
substrate  with  the  increased  oxygen  flow  conditions,  the  lowest  loss  streak  was  observed 
as  compared  to  the  other  Ta205  films.  In  fact  with  our  present  optical  fiber  setup,  a  loss 
was  not  measurable  due  to  the  low  signal  to  background  ratio.  A  loss  of  <  5  dB/cm  is 
probable  for  that  film.  This  result  asserts  the  necessity  of  a  low  substrate  roughness  in 
obtaining  low  losses. 


TABLE  V  Surface  roughness  of  various  substrates. 


Substrate 

Rms  (A) 

Maximum  feature 
height  (A) 

MgO  (C.C.L.) 

20 

184 

MgO  annealed  (C.C.L.) 

13 

96 

quartz 

11 

643 

sapphire  (C.C.L.) 

12 

198 

sapphire  super  polish 
(Crystal  Systems) 

3.2 

234 
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TETRAGONAL  KrTa.Nh^O^  FILMS 

K(Ta,Nb)03  (KTN)  is  a  solid  solution  of  KTa03  and  KNb03.  Its  curie  temperature  can 
be  controlled  by  altering  the  Ta  to  Nb  concentration  and  excellent  nonlinear  properties 
are  observed  for  particular  compositions.  KTao.55Nbo.45O3  is  an  interesting 
composition  to  analyze  due  to  its  tetragonal  structure  which  can  be  grown  devoid  of  twin 
domains. 

Both  a  Ta  and  a  Nb  metal  target  and  one  KO2  target  were  ion-beam  sputtered  to 
deposit  KTN  films  on  MgO  substrates.  The  film  composition  can  be  precisely 
controlled  by  altering  the  sputtering  dwell  times  on  each  target  as  shown  in  Figure  5. 


0.6  0.8  1  1.2  1.4  1.6  1.8  2  2.2 

Nb/Ta  deposition  setpoints 

Figure  5  K(Ta,Nb)03  deposition  setpoints  versus  composition. 

The  losses  of  KTao.55Nbo.45O3  films  were  analyzed  and  results  similar  to  those  of 
KNb03  films  were  detected.  Thinner  KTN  films  showed  long  light  streaks  indicative  of 
a  bulk  scattering  phenomenon.  The  thermal  expansion  coefficient  of  the  MgO  substrate 
is  appreciably  larger  than  that  of  KTN  which  would  imply  that  the  short  axis  of  the  KTN 
<100>  lies  in  the  film  plane."^  This  is  the  desired  configuration  since  the  unique  or  long 
axis  must  be  perpendicular  to  the  film  surface  to  avoid  twin  domains.  However,  the 
tetragonality  of  this  particular  KTN  composition  is  extremely  small  (difference  between 
the  a-axis  and  c-axis  d- spacing  is  only  0.013  A)8  that  conventional  XRD  analysis  cannot 
distinguish  between  the  axes.  Consequently,  it  is  highly  possible  that  these  KTN  films 
contain  both  a-axis  and  c-axis  domains  and  twin  domain  scattering  is  present. 
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CUBIC  KTaO^  FILMS 

The  cubic  structure  of  KTaOs  films  would  assure  a  film  without  twin  domains.  KTaOs 
films  were  deposited  on  MgO  substrates  by  sputtering  a  Ta  metal  target  and  two  KO2 
targets.  At  first,  no  light  streaks  and  low  refractive  indices  were  observed.  In  light  of 
the  amorphous  Ta205  results  and  the  possibility  of  oxygen  deficiency,  different  post¬ 
deposition  annealing  treatments  were  applied  to  the  KTaOs  films.  The  first  anneal  took 
place  at  560°C  for  20  minutes  in  an  oxygen  environment  alone.  The  film  resulted  in 
poor  quality  visually  and  light-coupling  was  not  possible.  Potassium  volatility  of  the 
film  surface  was  suspected  to  be  the  problem.  Consequently,  KNbOs  powder  placed  in 
the  crucible  during  annealing  helped  to  preserve  the  original  visually  translucent  film 
surface.  Next,  films  were  annealed  at  an  increased  temperature  of  850°C  for  both  2  and 
10  hours  in  O2  and  KNbOs  powder.  Again,  high  losses  were  present  and  in  this  case, 
the  cause  was  attributed  to  the  increased  surface  roughness  after  the  high  temperature 
anneal.  Figure  6  displays  the  film  roughess  in  terms  of  maximum  feature  height  and  rms 
as  a  function  of  increasing  anneal  temperature  and  time. 


Figure  6  AFM  results  of  KTaOj  films  with  increasing  anneal  temperature 
and  time. 

These  results  clearly  show  that  there  are  critical  limits  of  annealing  conditions  due  to 
film  roughnening.  Finally,  a  KTa03  film  was  annealed  at  a  compromised  temperature  of 
650°C  for  2  hours  in  O2  and  KNbOs  powder.  The  refractive  index  increased  slightly, 
from  2.178  to  2.185  (bulk  value  is  2.225)  and  a  long  light  streak  was  observed  (>  8mm). 
Therefore,  a  KTa03  was  deposited  with  a  higher  oxygen  pressure  during  deposition 
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in  order  to  provide  adequate  oxygenation  and  a  low  film  roughness.  As  expected,  the 
resultant  film  displayed  a  >  7mm  light  streak  and  the  rms  was  only  16  A. 

In  light  of  these  results,  preliminary  resonant  scattering  experiments  were 
performed  on  KNbOs  films  with  various  oxygen  flow  conditions  to  explore  the 
possibility  of  oxygen  deficiency  in  those  films.  Increasing  oxygen  composition  was 
observed  for  films  deposited  at  higher  oxygen  pressures  as  seen  in  Figure  7. 


Figure  7  Resonant  scattering  oxygen  peaks  of  a  bulk  KNbO^  crystal 
and  KNbO^  films  deposited  at  increasing  oxygen  flows. 

However,  the  original  KNbOs  films  appeared  to  possess  near  stoichiometric  oxygen 
composition  as  normalized  to  a  KNbOs  bulk  crystal  suggesting  that  oxygen  vacancies  is 
not  a  major  factor  in  the  volume  losses.  The  high  losses  both  in  the  KNb03  and 
K(Ta,Nb)03  films  are  most  likely  caused  by  the  twin  domains.  The  effect  of  grain 
boundaries  and  grain  size  on  losses  can  also  be  significant  and  should  be  investigated. 

CONCLUSION 


High  quality  KNb03,  K(Ta,Nb)03,  KTa03,  and  Ta205  films  were  deposited  by  ion- 
beam  sputter  deposition.  The  amorphous  Ta205  films,  in  the  absence  of  oxygen 
vacancies,  offer  a  study  where  the  sole  loss  mechanism  is  attributed  to  surface  scattering. 
A  Ta205  film  was  deposited  on  a  super-polished  sapphire  substrate  and  the  low  loss 
achieved  indicated  that  a  low  substrate  roughness  is  mandatory  for  low  overall  losses. 
Post-deposition  annealing  treatments  of  both  the  Ta205  and  KTa03  films  showed  that 
the  possibility  of  oxygen  vacancies  in  oxide  films  should  be  considered  since  they  can 
make  significant  contributions  to  volume  losses.  At  the  same  time,  post-deposition 
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anneals  are  limited  due  to  the  increased  film  roughness  that  also  increases  the  surface 
scattering  losses.  Initial  resonant  scattering  experiments  suggest  that  the  KNbOs  films 
possess  near  stoichiometric  oxygen  composition  and  therefore,  the  main  source  for  the 
high  bulk  scattering  losses  in  these  films  is  likely  attributed  to  twin  domains. 
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Green  light  produced  by  second  harmonic  generation  has  been  observed  in  an  epitaxial 
orthorhombic  KNb03  thin  film  planar  waveguide  produced  by  ion-beam  sputter  deposition  on  a 
(lOO)-oriented  MgO  single  crystal  substrate.  A  Nd:YLF  laser  beam,  with  a  wavelength  of  1.053  /rm 
and  ~80  ps,  100  MHz  pulses  under  mode-locked  operation,  was  coupled  into  the  waveguide  using 
a  rutile  prism,  and  a  green  light  streak  3-4  mm  long  was  seen  in  the  guide.  The  TMq  mode  of  the 
input  beam  was  phase  matched  to  the  TE|  mode  of  the  second  harmonic  for  a  film  thickness  of  2300 
A.  Second  h^onic  generation  was  also  observed  in  a  nonwaveguided  configuration  on  thicker 
(4600-6500  A)  films  on  both  MgO  and  KTaOj  substrates.  ©  1995  American  Institute  of  Physics. 


I.  INTRODUCTION 

Currently,  red  laser  beams  of  wavelengths  of  ~780  nm 
are  used  to  read  optical  disks.  A  source  of  shorter  wave¬ 
length,  having  a  smaller  minimum  beam  size,  would  allow 
for  denser  packing  of  data  on  the  disk.  The  drive  for  increas¬ 
ing  optical  recording  density  has  stimulated  the  development 
of  nonlinear  materials  for  frequency  doubling.  Using  such 
materials,  an  infrared  source  laser  can  be  used  to  produce 
blue  or  green  light  via  second  harmonic  generation  (SHG). 
Up  to  four  times  greater  disk  storage  capacity  has  been  dem¬ 
onstrated  using  SHG  from  a  potassium  niobate  single 
crystal.* 

For  reasons  of  compactness,  ruggedness,  and  high  con¬ 
version  efficiency,  it  is  desirable  in  optical  disk  applications 
for  the  SHG  to  take  place  in  an  optical  waveguide.^  The 
confinement  offered  by  the  waveguide  structure  allows  high 
optical  power  densities  to  be  maintained  over  long  interac¬ 
tion  lengths;  both  these  factors  increase  the  SHG  conversion 
efficiency.  In  addition,  if  the  effective  waveguide  thickness 
can  be  appropriately  adjusted,  the  modal  dispersion  of  the 
guide  can  be  utilized  to  achieve  phase  matching  under  a 
wider  variety  of  conditions  than  possible  in  the  bulk 
material.^  '*  The  deposition  of  waveguide  films  suitable  for 
SHG  on  crystalline  substrates  of  lower  refractive  index  is  of 
particular  interest  for  hybrid  integration  of  the  guide  with 
diode  lasers  and  other  optical  components.^  Among  SHG 
materials,  crystalline  KNb03  notable  for  its  large  figure  of 
merit  for  SHG,  broad  transparency  range,  high  resistance  to 
optical  damage,  and  suitability  for  noncritical  phase  match¬ 
ing  of  laser  diodes.®  Some  properties  of  KNb03  are  summa¬ 
rized  in  Table  I.  High  quality  KNb03  crystals  are  expensive 
to  grow  and  prepare,  and  it  is  difficult  to  form  waveguides  in 
crystals  of  this  material  by  simple  diffusive  or  ion-exchange 
processes,  although  both  planar  and  channel  KNb03 
waveguides  formed  by  ion  implantation  have  been 
achieved.’’®  Moreover,  it  is  not  possible,  using  bulk  crystals. 


*’A1so  MCNC,  Electronics  Technology  Division,  Research  Triangle  Park 
NC  27709-2889. 


to  obtain  noncritical  phase  matching  at  room  temperature  for 
wavelengths  below  857  nm.’  Thus  it  is  not  surprising  that 
there  has  been  considerable  interest  in  obtaining  thin  crystal¬ 
line  films  of  KNb03  by  various  deposition  methods.  Rela¬ 
tively  thick,  multimode  films  have  been  prepared  by  liquid 
phase  epitaxy.*®  Epitaxial  films  have  been  made  by  the  sol- 
gel  method  on  (211)  Srri03  (Ref.  11)  and  on  Pt-coated  (100) 
MgO,*^  but  no  optical  properties  have  been  reported.  Re¬ 
cently  the  pulsed-laser  deposition  technique  has  been  used  to 
grow  epitaxially  oriented,  stoichiometric  KNb03  films  on 
(100)  MgO  substrates  using  K-rich  targets,*®  again  no  optical 
properties  have  been  reported.  Thony  and  co-workers  pre¬ 
pared  waveguiding  KNb03  layers  by  rf  sputtering  on  MgO 
and  magnesia-alumina  spinel  substrates.*’  Their  films  re¬ 
tained  the  tetragonal  high-temperature  KNb03  phase.  They 
also  observed  SHG  in  these  films  in  the  bulk  configuration 
(i.e.,  nonwaveguiding).  SHG  in  channel  waveguides  formed 
by  ion  implantation  has  been  reported.*®-*®  We  have  recently 
prepared  epitaxial  KNb03  films  of  the  orthorhombic  phase 
on  several  different  substrates  using  ion-beam  sputtering,*’ 
and  have  observed  waveguiding  in  these  films.'®  In  this  pa¬ 
per,  we  report  on  SHG  in  these  samples. 

KNb03  fifin  films  were  deposited  on  MgO  and  KTa03 
single  crystal  substrates.  Film  orientation,  epitaxial  quality, 
and  substrate  and  film  roughness  were  characterized  by  x-ray 
diffraction  and  rocking  curves,  Rutherford  backscattering 
spectroscopy  (RBS),  ion  channeling,  and  atomic  force  mi¬ 
croscopy.  Refractive  indices  were  determined  by  the  prism¬ 
coupling  technique.*’  Second  harmonic  generation  experi¬ 
ments  were  conducted  in  the  transverse  nonwaveguided 
configuration  by  placing  the  sample  perpendicular  to  the  di¬ 
rection  of  a  Nd:YLF  source  beam,  and  also  in  a  waveguided 
mode  using  prism-coupling.  Waveguiding  and  modal  disper¬ 
sion  phase  matching  conditions  and  calculations  of  overlap 
integrals  for  different  mode  conversions  are  presented. 

II.  EXPERIMENT 

An  ion-beam  sputter  deposition  technique  featuring  a 
computer-controlled  rotating  target  assembly  was  used  to 
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TABLE  I.  Pn^teities  of  KNbOj,  • 


Nonlinear  coefficient 

—  15.8  to  —27.4  pm/V 

at  1.064 

Refractive  index** 

n.=2.1687,  /i*=2.2801,  =2.3297 

Lattice  parameters® 

a=5.721  A,  >=5.695  A,  e=3.973  A 

Crystallographic  structure 

mm2  orthorhombic 

Transparency  range* 

0.4 -4.5  /xm 

Damage  threshold* 
for  100  ps  pulse,  20  Hz, 
at  1.064  fiai 

>100  GW/cm^ 

•Ref.  24. 
•lief.  8. 
Tlef.  25. 


synthesize  KNb03  ^hin  hlnis  using  u  Isyer  by  layer  deposi¬ 
tion  technique  described  in  detail  elsewhere.^®  Two  KOj  tar¬ 
gets  and  one  Nb  metal  target  were  sequentially  sputtered 
using  a  xenon  ion  source.  Deposition  temperatures  of  650- 
700  "C  and  oxygen  pressures  of  about  1X10“^  Torr  were 
used.  All  substrates  were  cleaned  in  acetone,  methanol,  and 
followed  by  de-ionized  water.  The  MgO  substrates  were  an¬ 
nealed  (at  1150  °C  for  14  h)  after  the  cleaning  to  remove  any 
hydroxide  that  may  have  formed  on  the  surface.  The  de¬ 
posited  films  were  visually  transparent. 

III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  revealed  a  KNbOj  (110)  orthorhombic 
orientation  for  films  on  all  substrates.  No  other  orientations 
or  phases  were  detected.  Both  x-ray  rocking  curves  and 
RBS/channeling  analyses  determined  the  films  to  possess 
good  epitaxial  orientation.  Films  on  MgO  and  KTaOj 
showed  rocking  curve  FWHM  values  as  low  as  0.84°  and 
0.35°,  and  minimum  channeling  yields  of  18%  and  7%  for 
die  Nb  peak,  respectively.  The  single  orientation  of  KNbOj 
is  critical,  for  any  second  phases  or  other  orientations  are 
potential  sources  of  light  scattering.  The  small  amount  of 
grain  tilt  as  inferred  from  the  rocking  curves  and  ion¬ 
channeling  results  also  suggests  that  some  grain-boundary 
scattering  may  occur.  More  details  concerning  the  KNb03 
film  epitaxy  and  nucrostructure  can  be  found  in  a  previous 
paper.’’ 

Substrate  and  film  surface  roughnesses  were  measured 
by  atomic  force  microscopy.  The  interface  and  film  surface 
can  be  significant  contributors  to  scattering  losses  as  nonuni¬ 
formity  of  these  boundaries  causes  light  to  scatter  incoher¬ 
ently.  Low  substrate  roughnesses  with  root-mean-square 
(rms)  values  of  8-10  A  can  be  achieved  for  both  as-received 
KTa03  substrates  and  annealed  MgO  substrates.  The  KNb03 
film  surface  roughnesses  are  also  low,  varying  in  rms  values 
from  18-37  A. 

Refractive  indices  were  determined  using  a  prism¬ 
coupling  apparatus  in  which  a  He-Ne  (632.8  nm)  laser  is 
focused  onto  a  rutile  prism  clamped  to  the  thin  film  sample. 
The  measured  refractive  indices  are  about  2.21  and  2.28  for 
the  TM  (light  polarized  along  the  KNbOj  (110))  and  the  TE 
modes  (light  polarized  in  the  film  plane),  respectively.  The 
bulk  refractive  index  values  for  the  KNbOj  (110)  orientation 
are  2.225  for  the  TM  mode  and  2.278  for  the  TE  mode. 
Because  of  the  presence  of  90°  domains  in  the  film  plane,  the 


nC.  1.  Modal  dispereion  curves  of  the  fundamental  (1.053  /um)  and  second  " 
harmonic  (5265  A)  waveguide  modes  for  KNbOj  thin  film  on  an  MgO 
substrate. 


TE  value  is  calculated  as  an  average  of  the  KNbOj  [110]  and 
[001]  values.'**  The  fact  that  the  film  indices  are  so  close  to 
the  bulk  values  suggests  that  the  films  are  very  dense. 

Phase  matching  of  the  fundamental  wavelength  with  the  ‘ 
second  harmonic  can  be  achieved  by  using  modal  dispersion 
in  thin  films.^  First,  the  refractive  index  of  KNb03  as  a  func¬ 
tion  of  wavelength  must  be  known.®  The  effective  index  of 
the  film  for  different  modes  varies  with  respect  to  the  film  ' 
thickness.  Thus,  by  plotting  the  modal  dispersion  curves  for 
both  the  fundamental  and  second  harmonic  wavelengths,  the 
thicknesses  where  phase-matching  occurs  for  particular 
modes  can  be  pinpointed.  Figure  1  displays  the  modal  dis¬ 
persion  curves  for  a  KNbOj  thin  film  on  an  MgO  substrate  at 
the  Nd.YLF  laser  wavelength  of  1.053  /rm  and  the  frequency 
doubled  wavelength  of  5265  A.  As  an  example,  for  a  film 
thickness  of  2300  A,  the  effective  index  of  the  TMg  mode  at 
1.053  fjsa  matches  that  of  the  TE,  mode  at  5265  A  (Fig.  1). 
Therefore,  thin  film  waveguides  permit  a  simpler  phase¬ 
matching  scheme  whereby  growing  films  to  specific  thick¬ 
nesses  allows  phase-matching  of  particular  modes  to  be  ac- 
complished. 

Figure  2  shows  a  schematic  of  the  SHG  experimental 
setup.  A  Nd:YLF  laser  with  a  wavelength  of  1.053  /4m,  -80 
ps  pulse  duration,  and  100  MHz  frequency  was  used  as  the 
source  beam  under  mode-locked  operation.  A  harmonic 
beam  splitter  transmits  the  fundamental  wavelength  to  a 
beam  block,  and  reflects  the  second  harmonic  through  a 
tilted  532  nm  bandpass  filter  onto  a  ground-glass  screen. 
First,  KNb03  samples  of  thickness  varying  from  4600  to 
6500  A  were  placed  perpendicular  to  the  beam  direction  in  a 
nonwaveguiding  mode.  Three  samples  of  KNb03  thin  films 
on  MgO  substrates  and  one  on  a  KTa03  substrate  displayed 
green  light  as  visually  detected  on  the  screen.  Laser  drive 
currents  of  28  to  30  A  (power  at  30  A  was  calibrated  at  275 
W/pulse)  were  necessary  to  generate  green  light.  The  signal 
appeared  to  saturate  at  30  A.  Next,  we  measured  SHG  in  the 
waveguide  configuration.  Light  was  coupled  into  a  KNb03 
film  on  an  MgO  substrate  with  thickness  varying  from  2200- 
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FIG.  2.  SHG  experimental  setup  for  KNbO,  (a)  mounted  peipendicular  to 
the  laser  beam  and  (b)  in  coupling  mode. 


2800  A  using  a  90“  rutile  prism.  The  KNbOj  film  was  pur¬ 
posely  grown  with  a  thickness  gradient  so  that  the  critical 
phase-matching  thickness  could  be  assured  at  some  area  of 
the  sample.  A  3-4  mm  green  light  streak  was  observed  at 
the  coupUng  angle  for  the  TMq  mode  using  a  fundamental 
wavelength  of  1.053  /rm.  Currents  of  31-33  A  were  used. 
We  believe  that  phase  matching  is  occurring  for  a  film  thick¬ 
ness  close  to  2300  A  for  the  TMq  mode  (at  1.053  yum)  and 
the  TEi  mode  (at  5265  A).  No  previous  reports  on  SHG  in 
KNb03  film  waveguides  are  known  to  the  authors. 

Since  modal  dispersion  allows  phase  matching  to  occur 
without  using  crystal  birefringence,  different  orders  of  modes 
must  be  used.  The  effective  refractive  index  decreases  with 
increasing  mode  number  and  wavelength.  Therefore,  a  lower 
order  mode  of  the  fundamental  wavelength  matches  a  higher 
order  mode  of  the  second  harmonic.  The  figure  of  merit  for 
SHG  efficiency  in  a  waveguide  can  generally  be  expressed  as 
^eiT  .  where  d^ff  is  the  effective  nonlinear  coefficient, 
n  is  the  refractive  index,  and  5,^  is  the  mode  overlap  integral. 
Since  all  the  nonlinear  coefficients  are  comparable  in  mag- 
nimde  and  of  the  same  sign  for  potassium  niobate,  the  mode 
overlap  integral  gives  an  indication  of  the  SHG  efficiency 
between  mode  conversions."  For  a  slab  waveguide  and  for  a 
uniform  beam  intensity  in  the  film  plane,  the  overlap  integral 
can  be  expressed  as 


where  is  the  amplimde  of  the  transverse  field  of  the  mth 
mode  at  frequency  w,  and  the  variable  a  is  the  thickness  of 
the  nonlinear  layer. Table  11  lists  the  overlap  integrals  cal¬ 
culated  for  four  different  mode  conversions  for  a  KNb03 


Field  strength 

of  T^fo  mode  at  1.053  fim  and  the  TE,  mode 

at  526:>  A. 


film  on  MgO  substrate  at  the  fundamental  and  second  har- 
monic  wavelengths  of  1.053  /rm  and  5265  A,  respectively. 
On  the  basis  of  bulk  symmetry  and  film  orientation,  certain 
mode  conversions  are  forbidden,  such  as  TM"  to  TMf" 
mode,  although  nonlinearities  could  arise  from  strains  in  the 
film.  These  calculations  suggest  that  the  most  efficient  con¬ 
version  does  occur  for  the  TMo  mode  (at  1.053  yum)  to  TE, 
mode  (at  5265  A).  The  overlap  of  this  modal  conversion  can 
be  seen  in  Fig.  3.  Work  to  measure  the  SHG  efficiency  of 
different  mode  configurations  is  presently  in  progress. 

iV.  CONCLUSIONS 

High  quality  epita.xial  KNb03  *in  film  planar 
waveguides  have  been  grown  by  ion-beam  sputter  deposi¬ 
tion.  An  infrared  laser  has  been  used  to  produce  sreen  light 
by  SHG  from  KNb03  thin  films  on  both  MgO  and  KTa03 
substrates.  Film  thicknesses  of  only  4600-6500  A  exhibited 
^een  light  when  placed  perpendicular  to  the  beam.  A  green 
light  streak  3—4  mm  in  length  was  also  observed  when  light 
was  coupled  in  the  TMq  mode  into  a  KNb03  thin  film 'on 
MgO.  The  film  thickness  was  close  to  2300  A,  where  modal 
dispersion  phase-matching  occurs  for  the  TMq  mode  at  1.053 
/rm  and  the  TE,  mode  at  5265  A. 

ACKNOWLEDGMENTS 

This  research  is  supported  in  part  by  the  Office  of  Naval 
Research  under  Contract  No.  NOO 1 4-9 1-J- 1307.  We  thank 
Dr.  N.  R.  Parikh  at  the  University  of  North  Carolina,  Chapel 
Hill,  for  use  of  the  RBS  equipment  and  Dr.  L.  A.  Boatner  for 
the  KTa03  substrates. 


table  II.  Overlap  integrals  of  mode  conversions  for  1.053  yim  to  5265  A 
wavelengths  for  a  KNbOj  film  on  MgO  substrate. 


Mode  conversion 
(1.053  /im  to  5265  A) 

Phase-matching 
thickness,  A 

Overlap  integral, 
A-i/2 

IMS'  to  TE?" 

2326 

2.78X10"^ 

TE?  to  TE?" 

3866 

1.86X10'^ 

TM?  to  TM?" 

3980 

0.66X10’^ 

TM?  to  T^" 

6718 

2.16X10'^ 
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A  STUDY  OF  MICROSTUCTURES  IN  FERROELECTRIC  Pb(Zr,Ti)03  AND  KNb03  THIN 
FILMS 

A.L  Kingon,  S.H.  Rou,  and  Y.L.  Chen 

Department  of  Materials  Science  and  Engineering,  North  Carolina  State  University, 

Raleigh,  NC  27695-7919 

Oxide  ferroelectric  thin  films  are  receiving  considerable  attention  due  to  their  potential  application  in 
a  wide  range  of  devices  including  ferroelectric  nonvolatile  memory,  dynamic  random  access  memory 
(DRAMs)  electrooptic  phase  modulators,  and  laser  light  source  frequency  doublers.  However,  the 
complexity  of  the  oxide  materials  has  resulted  in  a  relatively  slow  development  of  structure¬ 
processing  property  relationships.  In  this  paper,  we  review  in  turn  how  the  microstructures  of  epitaxial 
KNbOs  and  Pb(Zr  Ti)03  have  been  significantly  improved  over  a  period  of  time. 

In  the  case  of  epitaxial  KNbOs  on  oxide  single  crystal  substrates,  defect  types  which  need  to  be 
controlled  include  221 -type  misorientations,  low  angle  boundaries,  multiposition  domains,  and 
inversion  domains ^'3.  Several  of  these  defect  types  are  controlled  via  the  substrate  surface 
preparation.  The  role  of  lattice  mismatch  between  film  and  substrate  on  the  formation  of  the  low 
angle  boundaries  remains  an  unresolved  issue.  We  are  currently  comparing  via  TEM  the 
KNbO3(100)  films  on  (lOO)MgO,  (100)MGAl2O4,  (100)NdGaO3  and  (100)KTaO3  substrates;  these 
substrates  covering  a  range  of  values  of  lattice  mismatch  between  0.1%  and  5.0%. 

Some  special  features  have  been  noted  KNb03  epitaxial  films^.  1.)  We  have  seen  that  the  first  atomic 
layer  which  is  deposited  can  have  a  large  impact  on  the  microstructure.  If  the  BO2  layer  of  the 
(100)AB03  perovskite  is  deposited  first  on  the  MgO  substrate,,  good  epitaxy  is  maintained.  However, 
if  the  AO  layer  is  deposited  first,  then  the  structure  can  be  rotated  45°,  despite  a  large  mismatch  of 
>33%^.  This  phenomenon  can  be  explained  in  terms  of  electrostatic  interactions  across  the  interface. 

2.)Smooth  interfaces  are  critically  important  for  optical  waveguides.  For  the  perovskites,  this 
practically  eliminates  all  orientations  except  (pseudocubic)  (100).  For  example,  growth  of  (110) 
KNb03  (in  pseudocubic  axes)  results  in  strong  (100)  faceting.  A  practical  procedure  for  eliminating 
this  tendency  has  not  been  developed.  3.)  A  surprisingly  common  feature  which  has  been  observed  in 
the  KNb03  films  has  been  the  observation  of  an  amorphous  layer  at  the  substrate-film  interface, 
which  grows  after  the  epitaxial  nucleation  has  been  established.  Examples  include  KNb03/Pt, 
KNb03/yBa2Cu307,  as  well  as  the  analogous  Pb(Mgo.33Nbo.67)03/Sr,Ti03. 

In  the  case  of  epitaxial  Pb(Zr,Ti)03  PZT  films,  the  microstructures  are  dominated  by  the  presence  of 
competing  pyrochlore-type  phases.  As  a  result,  properties  are  dominated  by  nucleation  phenomena  at 
the  substrate.  In  these  cases,  the  substrate  is  usually  a  conducting  epitaxial  metal  or  oxide,  such  as 
(100)Pt/(100)MgO,  (100)La(SrCo)03/(100)MgO,  or  (n0)RuO2/(100)MgO5.  For  example, 
nucleation  of  the  desired  perovskite  phase  appears  to  be  far  easier  on  Pt  than  on  Ru02.  Even  if  steps 
are  taken  to  increase  the  nucleation  rate  of  perovskite  Pb(Zr,Ti)03,  the  effect  of  this  nucleation 
phenomenon  can  still  be  observed.  The  microstructufes  of  the  epitaxial  PZT/RUO2  films  all  show 
signs  of  second  phases  of  the  pyrochlore  type  located  at  the  perovskite  grain  boundaries.  This 
impacts  the  properties. 
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Figure  1  Defective  KNb03  showing  very  high  density  of  inversion  domain  boundaries. 
Figure  2  YBa2Cu307  on  KNbO^/MgO  showing  interdiffusion  layer 
Figure  3  Pb(Mg0.33Nbo.67)03  on  SiTi)3  showing  interfacial  layer. 
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Abstract  Thin  film  waveguides  of  ferroelectric  materials  hold  great 
promise  for  use  in  active  integrated  optics  devices  because  of  the 
high  optical  confinement  possible  in  a  thin  film  stmcture.  KNb03 
is  an  attractive  material  for  active  devices  because  it  possesses  large 
nonlinear  optical  susceptibilities  and  large  electro-optic  coefficients. 
KNbOs  films  with  low  optical  losses  are  required  to  produce 
efficient  devices.  Epitaxial  films  of  KNbOs  (HO)  have  previously 
been  deposited  on  single  crystal  MgO  (1(X))  using  ion  beam 
sputtering  techniques.  However,  these  films  contained 
microstmctural  defects  due  to  the  large  lattice  mismatch  (>4.0%) 
between  KNb03  and  MgO  which  resulted  in  high  optical  losses. 
Recent  work  has  focused  on  determining  the  relationships  between 
microstmcture  and  optical  loss  through  the  use  of  lattice  matched 
substrates.  Film  composition,  epitaxial  quality  and  optical 
properties  of  KNb03  films  deposited  on  MgO  and  MgAl204  have 
been  investigated  and  are  compared. 


INTRODUCTION 

Crystalline  optical  waveguides  hold  great  promise  for  use  in  integrated 
optics  because  high  power  densities  can  be  maintained  over  long 
interaction  lengths.  Waveguides  of  ferroelectric  materials  are  of  special 
interest  because  of  their  generally  strong  nonlinear  optical,  electro-optic, 
and  photorefractive  effects.  Currently  one  application  of  technological 
importance  which  uses  the  nonlinear  optical  properties  of  these  materials 
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is  second  harmonic  generation  (SHG).  SHG  has  been  proposed  as  a 
viable  route  to  producing  a  compact,  blue  laser.  Blue  light  is  considered 
necessary  for  the  next  generation  of  optical  storage  devices,  and  has 
many  uses  in  the  laser  writing  and  medical  fields  because  the  smaller 
wavelength  means  increased  resolution.  Efficient  SHG  of  GaAs  lasers  is 
possible  in  ferroelectric  materials  and  has  been  demonstrated  in  thin 
films  of  LiNb03i-2  and  BaTi03,3  among  others.  Many  technological 
challenges  to  producing  a  commercial  device  based  on  thin  film  materials 
still  remain.  The  greatest  of  these  challenges  is  fabricating  a  thin  film 
waveguide  with  low  enough  optical  loss  to  permit  blue  light  generation 
of  sufficient  power  for  applications.  This  paper  presents  an  investigation 
of  the  processing  of  KNb03  thin  films  and  relates  the  optical  properties 
to  growth  characteristics. 


PROCESSING  OF  KNbO^  FILMS 


Bulk  crystal  growth  of  KNb03  has  been  studied  for  nearly  45  years.  The 
phase  diagram  of  the  Nb205-K20  system,  first  reported  by  Reisman  and 
Holtzberg,^  reveals  that  KNb03  melts  incongmently.  Thus  solution 
growth  techniques  have  been  limited  to  growth  from  K20-rich  melt 
compositions.  Little  is  therefore  known  about  the  effects  of  composition 
on  the  structure  and  properties  of  KNb03  .  Thin  film  processing 
techniques,  many  of  which  are  non-equilibrium  processes,  promise  the 
ability  to  surpass  the  limits  of  solution  crystal  growth.  The  region  of  the 
phase  diagram  around  stoichiometric  KNb03  can  then  be  studied. 

Determining  the  limits  of  the  solid  solubility  region  for  KNb03  are 
an  important  first  step  toward  understanding  the  effects  of  composition 
on  the  perovskite  structure  of  KNb03.  Thin  films  of  KNb03  with  K/Nb 
cation  ratios  ranging  from  1.35  to  0.66  were  grown  on  single  crystal  MgO 
(100)  substrates  using  an  ion  beam  co-sputter  deposition  system  which 
has  been  described  in  detail  previously. ^  During  film  growth  a  niobium 
target  and  a  potassium  superoxide,  KO2,  target  were  sputtered 
simultaneously  in  the  presence  of  molecular  oxygen.  Changes  in  the 
cation  ratio  were  achieved  by  independently  controlling  the  ion  beam 
energy  and  current  on  each  target.  Typical  growth  conditions  for  near 
stoichiometric  KNb03  films  are  given  in  Table  I. 

X-ray  diffraction  was  used  to  determine  the  limits  of  the  single 
phase  region  of  KNb03.  A  selected  group  of  theta-two  theta  diffraction 
patterns  from  this  study  are  shown  in  Figure  1.  Figures  1(a)  and  1(b) 
show  the  diffraction  patterns  of  potassium-rich  films  with  cation  ratios 
(K/Nb),  determined  from  Rutherford  backscattering  spectroscopy  (RBS), 
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Table  I  Processing  conditions  for  KNb03  thin  films. 


Parameter 

Value 

KO2:  Ion  Beam  Energy 

500  eV 

KO2:  Ion  Beam  Current 

11  mA 

Nb:  Ion  Beam  Energy 

750  eV 

Nb;  Ion  Beam  Current 

16  mA 

Xe  Pressure  (Sputtering  Gas) 

2.0*10-4  ton- 

O2  Pressure 

1.0*10-4  ton- 

Growth  Temperature 

600-700°C 

Two  Theta,  degrees 

Figure  1  X-ray  diffraction  patterns  of  potassium  niobium  oxide 
thin  films  showing  the  phase  evolution  as  the  cation  ratio  (K/Nb) 
changes  from  (a)  1.35,  (b)  1.18,  (c)  1.00,  (d)  0.77,  to  (e)  0.66. 

[*  KNb03  (110),  •  MgO  (200),  °  KNb03  (220)] 


of  1.35  and  1.18,  respectively.  Figure  1(b)  reveals  the  presence  of 
second  phases  in  the  thin  film.  As  the  composition  becomes  further 
potassium  rich,  as  shown  in  Figure  1(a),  more  second  phase(s)  form  as 
evidenced  by  more,  and  more  intense,  diffraction  peaks  not  due  to  the 
KNb03  phase.  The  limit  of  the  single  phase  region  of  KNb03  on  the 
potassium-rich  side  can  be  conservatively  estimated  to  be  reached  at  a 
cation  ratio  of  1.10±5%.  The  second  phase(s)  which  form  above  this 
limit  can  not  be  matched  to  those  expected  from  Reisman  and  Holtzberg's 
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phase  diagram.'^  Instead,  metastable  phases  have  apparently  formed 
during  the  non-equilibrium  growth  process. 

Figures  1(d)  and  1(e)  represent  x-ray  diffraction  patterns  of 
niobium-rich,  potassium  niobium  oxide  thin  films.  As  seen  in  Figure 
1(e),  the  KNbOs  phase  disappears  entirely  from  the  diffraction  pattern  as 
the  cation  ratio  reaches  0.66.  The  limit  of  the  single  phase  region  of 
KNb03  was  reached  at  0.80±5%.  Thus  the  KNbOs  perovskite  structure 
wiU  tolerate  a  larger  potassium  deficiency  than  niobium  deficiency 
before  second  phases  begin  forming.  It  should  be  noted  that  the  limits  of 
the  single  phase  KNbOs  region  determined  in  this  study  may  differ  when 
using  other  processing  parameters,  or  for  other  growth  techniques. 

The  KNb03  phase  which  appears  in  Figures  1(a)  through  1(d)  is 
highly  oriented  (110)  normal  to  the  substrate.  The  following  sections 
present  results  of  our  investigation  of  the  epitaxial  quality  of  these  (110) 
oriented  KNb03  films. 

Epitaxy  of  Ion  Beam  Sputter  Deposited  KNbO^ 

Thin  films  of  KNb03  were  grown  on  single  crystal  MgO  (100)  and 
single  crystal  MgAl204  (100)  substrates  using  the  ion  beam  sputter 
deposition  process  described  above.  MgO  and  MgAl204  were  chosen 
for  this  study  for  their  reasonably  small  lattice  mismatch  and  chemical 
ineitness  to  the  perovskite  KNbOs.  Table  II  summarizes  the  lattice 
parameters  of  these  two  substrates  and  their  lattice  mismatch  with  (1 10) 
oriented  KNb03.  Since  KNb03  is  orthorhombic  at  room  temperamre, 
the  lattice  mismatch  between  the  cubic  substrates  and  both  in-plane 
lattice  parameters  of  KNb03  (3. 973 A  and  4.035 A)  are  given  in  the  table. 
It  is  clear  from  the  table  that  MgAl204  is  much  better  lattice  matched  to 
KNb03  than  MgO.  Thus  it  was  expected  that  films  deposited  on 
MgAl204  would  show  a  higher  degree  of  epitaxy. 

AU  KNb03  films  grown  on  MgO  (100)  and  MgAl204  (1(X))  were 
highly  oriented  (1 10)  normal  to  the  substrate.  Typical  x-ray  diffraction 
patterns  of  these  films  are  shown  in  Figure  2(a)  and  Figure  3(a).  It  was 
discovered  previously  through  pole  figure  measurements  that  KNb03 
films  on  MgO  display  a  lattice  tilt  of  1-1.5°  about  the  substrate  normal.^ 


Table  11  Physical  properties  of  substrates  used  for  KNb03  film 
growth. _ 


MgO  (100) 

MgAl204  (100) 

Lattice  Parameter,  A 

4.213 

8.083 

Lattice  mismatch,  % 

6.0,  4.4 

1.7, 0.1 

Bulk  refractive  index 

1.736 

1.723 

PROCESSING  THIN  FILMS  OF  KNBO3  ... 


367 


Two  Theta,  degrees  Theta,  degrees 

Figure  2  (a)  A  typical  x-ray  diffraction  pattern  of  a  KNbOs  thin 

fihn  on  MgO,  and  (b)  a  rocking  curve  measurement  of  the  KNbOs 

(110)  diffraction  peak  for  the  film  in  (a). 

In  addition,  the  tilt  occurs  along  all  four  in-plane  substrate  [100] 
directions,  evidencing  the  presence  of  90°,  180°,  and  270°  rotated  grains. 
The  x-ray  rocking  curve  measurement  of  the  (110)  diffraction  peak  of  a 
typical  KNbOs  film  on  MgO  is  shown  in  Figure  2(b).  The  width  of  the 
rocking  curve,  FWHM=1.5°,  also  confirms  the  misorientation  of  KNbOs 
films  on  MgO.  The  lattice  tilt  and  grain  rotations  accommodate  the  strain 
induced  in  the  films  on  MgO  due  to  the  >4%  lattice  mismatch.  Much 
less  lattice  tilting  is  expected  for  films  on  MgAl204  whose  lattice 
mismatch  is  less  than  2%.  Figure  3(b)  shows  the  rocking  curve 
measurement  of  the  (1 10)  KNbOs  diffraction  peak  of  a  film  on 
MgAl204.  The  FWHM=0.6  is  indeed  much  smaller  than  the  films  on 
MgO,  indicating  a  higher  degree  of  epitaxy  for  these  films.  The  optical 
properties  of  KNbOs  /  MgAl204  films  which  will  be  discussed  below 
indicate  that  the  grain  rotations  seen  in  films  deposited  on  MgO  exist  in 
these  films  as  well. 

Epitaxy  of  Tnn-assisted  Ion  Beam  Sputter  Deposited  KNbQ3 
The  ion  beam  co-sputter-deposition  process  described  above  was 
modified  by  the  addition  of  a  filamentless  rf  ion  source.  The  rf  ion 
source  was  used  to  bombard  the  growth  surface  at  normal  incidence  with 
low  energy  oxygen  ions.  Ion-assisted  film  growth  can  provide  many 
beneficial  effects  for  film  growth  including  increasing  the  activity  of 
depositing  species  which  promotes  compositional  homogeneity  and  film 
adherence.  In  addition,  lower  processing  temperatures  may  be  possible 
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Figure  3  (a)  X-ray  diffraction  pattern  of  a  (1 10)  KNb03  thin  film 
on  MgAl204,  and  (b)  a  rocking  curve  measurement  of  the  KNb03 
(110)  diffraction  peak  for  the  film  in  (a). 

with  ion-assisted  growth  which  may  be  necessary  for  integration  with 
semiconductor  processing.  Nucleation  and  growth  mechanisms  can  also 
change,  modifying  film  morphology  and  microstructure.  However,  the 
current  study  focused  on  investigating  the  effects  of  ion-assisted  growth 
on  film  orientation  and  epitaxial  quality. 

For  this  study  KNb03  films  were  again  grown  on  MgO  and 
MgAl204  substrates.  Typical  processing  conditions  are  shown  in  Table 
ni.  X-ray  diffraction  patterns  reveal  that  the  film  (110)  axis  is  normal  to 
the  substrate  as  it  was  for  films  deposited  without  ion-assist.  However, 
the  lattice  spacing  is  slightly  enlarged  compared  to  the  (110)  spacing  of 
unassisted  films.  This  comparison  is  shown  in  the  x-ray  diffraction 
patterns  in  Figure  4(a)  where  the  (1 10)  peak  for  the  ion-assisted  film  has 
shifted  to  a  shghtly  lower  angle.  It  can  also  been  seen  in  Figure  4(a)  that 
the  (1 10)  diffraction  peak  of  the  ion-assisted  film  is  much  broader  and 
less  symmetrical  than  the  peak  of  the  unassisted  film.  This  is  a 
qualitative  indication  that  the  oxygen  ion-assist  beam  has  worsened  the 
quality  of  the  KNb03  films.  The  rocking  curve  measurement,  shown  in 
Figure  4(b),  quantitatively  reveals  in  dramatic  fashion  that  the  epitaxial 
quality  of  the  ion-assisted  KNb03  films  is  inferior  to  that  of  films 
deposited  without  ion-assistance.  The  FWHM  of  the  rocking  curve  of  a 
KI^03/  MgAl204  film  has  increased  to  over  2°  compared  to  a  value  of 
0.6°  for  an  unassisted  film  [Figure  3(b)]. 

The  increase  in  lattice  parameter  for  ion  assisted  films  has  been 
attributed  to  impurity  incorporation.  The  RBS  spectrum  shown  in  Figure 
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Table  El  Process  parameters  for  ion-assisted  growth  of  KNb03 
thin  films. 


Process  Parameter 

Value 

KO2:  Ion  Beam  Energy 

850  eV 

KO2:  Ion  Beam  Current 

13  mA 

Nb:  Ion  Beam  Energy 

1000  eV 

Nb:  Ion  Beam  Current 

10  mA 

Xe  Pressure  (Sputtering  Gas) 

2.0x10-4  ton- 

O2  Energy 

50  eV 

O2  Current 

10  mA 

O2  Pressure 

1.0x10-4  ton- 

Growth  Temperature 

600-700°C 

Two  Thcla,  degrees  TlKUi,(fcgRe5 


Figure  4  (a)KNb03  (110)  diffraction  peaks  for  ion-assisted 
and  unassisted  films,  (b)  A  rocking  curve  measurement  of  the 
KNb03  (110)  diffraction  peak  for  an  ion-assisted  film. 

5  reveals  that  the  ion-assisted  films  contain  Fe  and  Xe  impurities.  The  Fe 
impurity  has  been  traced  to  the  stainless  steel  ring  electrode  inside  the 
discharge  chamber  of  the  rf  ion  source.  For  future  work  it  may  be 
possible  to  replace  this  electrode  with  a  niobium  electrode  which  would 
eliminate  the  source  of  contamination.  The  Xe  detected  is  trapped 
primary  sputtering  gas  that  has  been  trapped  in  the  film  during  growth. 
Changing  the  incidence  angle  of  the  oxygen  ion-assist  beam  may  reduce 
this  gas  incorporation.  However,  the  position  of  the  rf  ion  source  is  fixed 
in  the  current  deposition  system.  Morphology  and  microstmcture  of  ion- 
assisted  films  has  yet  to  be  studied.  If  the  impurities  can  be  eliminated 
the  ion-assisted  KNb03  films  may  yet  show  improved  characteristics. 
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Figure  5  A  Rutherford  backscattering  spectrum  of  an  ion-assisted 
KNb03  film  showing  the  presence  of  Fe  and  Xe  impurities. 


OPTICAL  CHARACTERIZATION 


Optical  properties  of  both  ion-assisted  and  unassisted  ion  beam  sputter 
deposited  KNb03  thin  films  were  measured  using  a  mtile  prism  coupler. 
The  refractive  indices  of  the  films  were  determined  using  the  numerical 
technique  developed  by  Ulrich  and  Torge.®  Unassisted  KNb03  films  on 
both  MgO  and  MgAl204  substrates  had  refractive  indices  of  2.28  for  TE 
modes  and  2.22  for  TM  modes.  The  value  for  the  TM  modes  is  very  near 
the  bulk  value  of  2.2221  expected  for  a  (1 10)  oriented  crystal.  A  single 
crystal  KNb03  film  would  be  expected  to  have  birefringence  between 
orthogonal  TE  modes.  However,  no  birefringence  was  observed  for 
orthogonal  TE  modes  in  these  films.  The  grain  rotations  that  were 
observed  in  the  x-ray  analyses  above  lead  to  a  single,  averaged  refractive 
index  for  TE  modes  in  the  films. 

The  refractive  indices  measured  for  ion-assisted  deposited  films 
were  slightly  lower  than  the  indices  measured  for  unassisted  films.  The 
refractive  index  for  TE  modes  was  2.26  while  the  index  for  TM  modes 
was  2.18.  Again  no  birefringence  was  observed  for  TE  modes.  The 
decrease  in  the  refractive  indices  results  from  the  presence  of  Fe  and  Xe 
impurities  in  the  films  as  discussed  above.  These  impurities  increased 
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the  lattice  parameter  of  the  films  thereby  lowering  the  density  of  the 
films  which  is  known  to  reduce  the  refractive  indices. 

Optical  losses  were  measured  by  optically  coupling  to  the  KNbOs 
thin  films  with  a  rutile  prism  and  observing  the  light  streak  traveling 
through  the  films.  These  observations  lead  to  several  qualitative 
conclusions  about  the  KNb03  thin  films.  First  it  was  found  that  TM 
modes  have  lower  losses  than  TE  modes.  Second,  thin  films  (1000- 
13(X)A)  have  significantly  lower  losses  than  thicker  films  (>1500A). 
Third,  films  on  MgO  have  lower  optical  loss  than  films  on  MgAl204; 
and  finally,  that  losses  were  so  high  in  ion-assisted  thin  films  that  no  light 
streaks  could  be  observed.  An  analysis  of  each  of  these  conclusions  will 
follow  below. 

The  high  optical  loss  of  guided  TE  modes  relative  to  TM  modes  can 
be  understood  from  an  analysis  of  reflection  and  refraction  at  grain 
boundaries.  In  the  x-ray  analysis  above,  it  was  found  that  grain  rotations 
of  90°,  180°,  and  270°  exist  in  KNb03  films.  While  there  is  no  change 
in  refractive  index  as  a  TM  mode  crosses  a  grain  boundary,  there  is  a 
refractive  index  change  of  0.1 1  that  occurs  as  a  TE  mode  crosses  a 
boundary.  This  index  change  causes  reflection  and  refraction  to  occur  at 
these  boundaries  depending  on  the  angle  of  incidence  of  the  guided  light. 
The  grain  size  of  the  KNb03  films  is  on  the  order  of  1000 A,  so 
thousands  of  these  boundaries  must  be  crossed  in  order  for  a  TE  mode  to 
propagate  an  appreciable  distance  in  the  film.  Therefore  propagation  is 
prohibited  by  light  scattering  due  to  reflection  and  refraction,  leading  to 
high  optical  loss. 

The  second  conclusion  above  stated  that  thin  films  had  lower 
optical  loss  than  thick  films.  This  statement  is  more  evident  for  TM 
modes  since  losses  for  TE  modes  in  all  films  are  high  and  are  dominated 
by  reflection  and  refraction  at  grain  boundaries  as  discussed  above.  To 
determine  the  nature  of  this  observation,  the  electric  field  distributions 
for  a  thin  film  (1 180 A)  and  for  a  thick  film  (1965 A)  were  plotted.  The 
field  distributions  normalized  to  the  Poynting  vector  are  shown  in  Figure 
6.  It  is  clear  from  the  field  distributions  that  much  of  the  optical  energy 
of  the  guided  mode  is  traveling  through  the  substrate  in  the  thin  film. 
Since  the  substrate  is  a  single  ciystal  of  high  optical  quality,  naturally  the 
thinner  film  has  lower  total  optical  loss  for  the  guided  light.  Work  is 
currently  in  progress  to  determine  whether  the  source  of  optical  loss  in 
the  films  is  due  to  interface  or  bulk  effects. 
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Figure  6  Optical  field  distributions  in  KNbOs  thin  films. 

It  is  currently  unclear  why  films  on  MgO  have  lower  optical  loss 
than  films  on  MgAl204.  Initially  films  on  MgAl204  were  expected  to 
have  lower  optical  loss  because  of  the  higher  degree  of  epitaxy  discussed 
earlier  in  this  work.  It  is  suspected  that  interface  effects  which  do  not 
impair  the  epitaxial  relationship,  possibly  diffusion  between  film  and 
substrate,  are  the  source  of  the  higher  optical  loss.  Finally,  the  high 
optical  losses  in  ion-assisted  KNbOs  thin  films  are  attributed  to  defects 
in  the  film  resulting  from  impurity  incorporation  and  to  possible  interface 
damage  resulting  from  bombardment  by  oxygen  ions.  Work  is 
continuing  to  separate  and  quantify  these  effects. 


SUMMARY 


In  summary,  the  single  phase  region  of  KNbOs  was  investigated  to 
understand  the  effect  of  composition  on  phase  formation.  The  single 
phase  region  was  determined  by  x-ray  diffraction  measurements  and  RES 
spectra  to  lie  between  the  K/Nb  cation  ratios  of  1.10±5%  and  0.80+5%. 
The  epitaxial  quality  of  stoichiometric  KNb03  films  deposited  on  single 
crystal  MgO  (100)  and  single  crystal  MgAl204  (100)  substrates  was 
analyzed  through  x-ray  rocking  curve  measurements.  Films  on 
MgAl204  were  found  to  possess  much  less  misorientation  as  evidenced 
by  a  rocking  curve  FWHM  of  0.6  compared  to  a  FWHM  of  1.6  for  films 
on  MgO.  The  addition  of  a  low-energy  oxygen  ion-assist  source  to  the 
deposition  process  was  found  to  degrade  the  quality  of  epitaxy  on  both 
substrates  due  to  impurity  incorporation. 
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The  waveguiding  properties  of  the  KNbOs  films  were  also  studied. 
The  refractive  indices  were  measured  using  a  rutile  prism  coupler  and 
were  found  to  be  near  bulk  values,  TE=2.28  and  TM=2.20.  No  in-plane 
birefringence  was  observed  due  to  grain  rotations  which  result  from 
lattice  mismatch  between  film  and  substrate.  The  refractive  indices  of 
ion-assisted  films  were  reduced  to  TE=2.26  and  TM=2.18  by  the 
incorporation  of  Fe  and  Xe  impurities  during  processing.  Optical  losses 
were  also  observed  in  these  films.  Thin  KNbOs  films  (1000-1250A)  on 
MgO  substrates  demonstrated  the  lowest  optical  losses  of  the  films 
studied. 
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“Epitaxial  KNbOs  Thin  Films  on  KTaOs,  MgAl204,  and  MgO  Substrates,"  A.  F.  Chow, 
D.  J.  Lichtenwalner,  R.  R.  Woolcott,  Jr.,  T.  M.  Graettinger,  O.  Auciello,  and  A.  I.  Kingon, 
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Epitaxial  KNbOg  thin  films  on  KTaOg,  MgAl204,  and  MgO  substrates 

A.  F.  Chow,  D.  J.  Lichlenwalner,  R.  R.  Woolcott,  Jr.,  T.  M.  Graettinger,  O.  Auciello,®’ 
and  A,  I.  Kingon 

Dcpartmeni  of  Materials  Science  and  Engineering,  North  Carolina  State  University, 

Raleigh,  North  Carolina  27695-7919 

L  A.  Boatner 

Oak  Ridge  National  Laboratory,  Solid  State  Division,  Oak  Ridge,  Tennessee  37831-6056 

N.  R.  Parikh 

Department  of  Physics,  University  of  North  Carolina,  Chapel  Hill,  North  Carolina  27599-3255 
(Received  31  March  1994;  accepted  for  publication  19  .June  1994) 

Epitaxial  potassium  niobate  (KNbO^)  thin  films  have  been  deposited  on  KTaO^  (100),  MgAl204 
(100),  and  MgO  (100)  substrates  using  ion-beam  sputter  deposition.  X-ray-diffraction  results  show 
that  KNbO-,  films  have  orthorhombic  (110)  orientation  on  all  three  substrates.  Rutherford 
backscattering  channeling  analysis  of  KNbO^  films  on  KTaO^,  MgAl204,  and  MgO  exhibits 
minimum  scattering  yields  (A'min)  IS%  for  the  Nb  peak,  respectively.  This  illustrates 

how  the  quality  of  epitaxy  improves  as  the  lattice  mismatch  decreases.  Prism-coupling 
measurements  reveal  near-bulk  refractive  indices  of  about  2.27  for  TE  modes  and  2.22  for  TM 
modes  for  films  on  each  substrate. 


KNb03  is  a  promising  material  for  nonlinear-optical 
(NLO)  and  electro-optical  (EO)  applications.  It  possesses 
large  nonlinear-optical  coefficients,  and  its  high  electro-optic 
figure  of  merit  makes  it  superior  to  the  widely  used  material, 
lithium  niobate,  for  integrated-optical  phase  and  amplitude 
modulators.*’^ 

Several  groups  have  demonstrated  the  growth  of  KNbO^ 
thin  films;^”^  however,  films  of  good  optical  quality,  critical 
for  competitive  optical-waveguide  devices,  are  difficult  to 
produce.  Thin  films  used  for  optical  applications  should  gen¬ 
erally  be  single  phase,  dense,  smooth,  stoichiometric,  and 
epitaxial,  with  as  few  structural  defects  as  possible.  All  these 
properties  are  important  for  minimizing  light-propagation 
losses  and  maximizing  NLO  and  EO  effects.  An  understand¬ 
ing  of  KNbO^  epitaxial  film  growth  mechanisms  is  important 
for  optimizing  film  properties. 

In  this  work,  the  properties  of  epitaxial  KNbO^  thin  films 
on  KTaO^  (perovskite),  MgAl204  (spinel),  and  MgO  (rock- 
salt)  substrates  are  investigated  in  order  to  clarify  the  sub¬ 
strate  effects  on  the  epitaxial  growth  of  RNbO^.  All  three 
substrates  have  cubic  symmetry.  The  orthorhombic  KNbO^ 
phase  has  lattice  parameters  of  r7  =  5.72I  A,  h  =  5. 695  A, 
c  =  3.973  A,  and  corresponding  refractive  indices  of 
;f^  =  2.168,  w^  =  2.279,  and  n,  =  2.329.*'^  The  three  substrates 
used  here  provide  different  lattice  and  refractivc-iiuiex  mis¬ 
matches  with  potas.sium  niobate,  as  listed  in  Table  I.  The 
properties  of  KNbO^  films  grown  on  each  substrate  are  pre¬ 
sented,  and  key  factors  that  control  film  growth,  microstruc¬ 
ture,  and  optical  properties  arc  discussed. 

Ion-beam  sputter  deposition  of  KNbO^  thin  films  has 
been  accomplished  using  a  computer-controlled,  sequential 
layer-by-layer  growth  technique.^’  A  single  ion  source  is  used 
to  sequentially  sputter  targets  of  niobium  and  potassium  su- 
peroxidc  (KO2).  Substrate  temperatures  range  from  fi.SO  to 


"•‘Also  ii\  MC'NC',  Rlcctrdiiics  IcctinGtopy  Division.  Ucscnrrh  'I  rinn^lc  Park, 
NC’  277()^P28S9. 


700  "’C,  and  the  oxygen  pres.sure  is  held  at  1  X 10“"*  Torr.  The 
MgO  and  spinel  substrates  were  purchased  from  Advanced 
Composite  Materials  and  Commercial  Crystal  Systems,  re¬ 
spectively,  while  the  KTaO^  substrates  were  provided  by  Oak 
Ridge  National  Laboratory. 

The  deposited  films  and  substrate  materials  were  ana¬ 
lyzed  using  a  variety  of  techniques.  Substrate  roughness  was 
measured  using  atomic  force  microscopy  (AFM).  X-ray  dif¬ 
fraction  (XRD)  was  used  to  determine  the  lattice  parameter, 
phase,  and  orientation  of  the  KNbO^  films.  X-ray-diffraction 
rocking  curve  measurements  were  used  to  measure  grain  tilt 
of  the  films.  Rutherford  backscattering  spectrometry  (RBS) 
provided  film  composition  and  thickness,  while  ion  channel¬ 
ing  revealed  the  epitaxial  quality  of  the  KNbO^  films.  A 
prism-coupling  technique  was  used  to  obtain  refractive 
indices.**’ 

Substrate  surface  roughness  can  not  only  directly  influ¬ 
ence  the  film  surface  but  impede  the  epitaxial  growth  pro¬ 
cess,  since  surface  steps  can  induce  the  growth  of  (041)  tet¬ 
rahedral  twin  domains.’*  Atomic  force  microscopy  of  the 


TABLE  I.  Bulk  properties  of  KTaO,,  MgAl,04,  and  MgO,  with  comparison 
to  those  of  KNbO,  (ItO).  Measured  properties  of  KNbOi  (110)  films  on 
each  substrate  arc  also  included. 


Substrate 

KTaO,  (100) 

MgALO^  (100) 

MgO  (100) 

Bulk  lattice  parameter'’ 

(A) 

3.989 

8.08.^ 

4.213 

Bulk  refractive  index’’ 

2225 

1.723 

1 .736 

Bulk  lattice  mismatch, 

KNI.O,  [1 10].  loo  I] 

“1.2%,  0.4% 

0.1%.  1.7% 

4.4%.  6.0% 

Measured  FWIIM 

XRD  rocking  curve 

O.Z.S'’ 

0.30“ 

084“ 

Measured  film 

RILS/channcling, 
Measured  film  refractive 

7% 

9% 

18% 

index,!  r,,  TM 

2.27. 

2.27.  2.23 

2.28.  2.21 

■'Kcicrcncc  8. 
'‘Kcicrcncc  9. 
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FIG.  1.  RBS  spectra  obtained  using  tinchannelcd  and  channeled  configura¬ 
tions  are  plotted  for  KNbO,  (110)  films  on  (a)  KTaO,  (100),  (b)  MgAl204 
(100),  and  (c)  MgO  (100). 

substrate  surfaces  shows  that  KTaOi  had  the  lowest  surface 
roughness,  with  rms  roughness  of  8  A,  while  the  rms  rough¬ 
ness  of  the  spinel  and  MgO  surfaces  was  10  and  26  A,  re¬ 
spectively.  The  as-received  MgO  surface  contains  arrays  of 
“columns”  which  can  be  100  A  or  more  in  height.  These  are 
believed  to  be  due  to  magnesium  hydroxide  growth.  Anneal¬ 
ing  the  MgO  substrate  at  a  temperature  of  ~1200"C  im¬ 
proves  the  roughness  to  a  rms  value  of  9  A.  Therefore,  a 
similar  roughness  can  be  achieved  on  each  substrate.  AFM 
also  delected  typical  grain  sizes  of  1(K)0-3000  A  for  the 
KNbOj  films. 

X-ray  diffraction  showed  that  the  KNbO,  films  on  all 
substrates  are  single  phase  and  the  orthorhombic  [110]  is 
normal  to  the  sub.strate  surface.  For  the  RNbO,  (110)  orien¬ 
tation  a  lattice  parameter  of  4.036  A  is  expected  perpendicu¬ 
lar  to  the  surface  plane.  The  (llO)-plane  spacing  measured 
for  all  films  ranged  from  4.02  to  4.05  A.  Rocking  curve 
measurements  of  the  KNb03  (110)  peak  revealed  a  full  width 
at  half  maximum  (FWllM)  value  of  0.84°  for  KNIiO^  on 
MgO  substrates,  0.25°  for  films  on  KTaO^,  and  0.30°  for 
films  on  MgAljO^,  as  listed  in  Table  1. 

RBS/channeling  spectra  are  shown  in  Fig.  I  for  KNbO, 
films  on  KTaOi  |Fig.  1(a)],  MgAI,04  iFig.  1(b)],  and  MgO 
[Fig.  1(c)].  Values  of  minimum  channeling,  ATmin’  were  ob¬ 
tained  in  a  10-channel  energy  window  by  comparing  the 
lowest  point  in  the  channeled  spectra,  just  below  the  surface 
peak,  with  an  unchanneled  spectrum.  KNbO^  on  K  laO^  had 
a  A-min  of  7%  for  the  Nh  peak.  Films  on  spinel  show  .slightly 
higher  Amin  values,  9%  for  Nb,  while  results  for  RNbO,  on 
MgO  showed  the  highest  A-mi,,^  Nb.  I  hc  higher  A^min 

values  for  KNbO,  on  MgO  suggest  a  larger  amount  of  either 
grain  till,  grain  misorientalion,  or  other  defects. 
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FIG.  2.  Coupling  curves  of  uncoupled,  reflected  intensity  vs  coupling  angle 
for  KNliO^  (110)  films  on  MgAl204  (100),  arc  shown  for  (a)  TF  modes  and 
(b)  TM  modes. 

RBS  also  showed  that  all  of  the  films  are  deficient  in 
potassium,  with  a  K  to  ffl?  cation  ratio  in  the  range  of  0.7— 
0.95.  Increasing  the  amount  of  KO2  sputtered  does  not  cause 
a  composition  change  when  deposited  at  650—700  C,  al¬ 
though  at  lower  temperatures,  550-600  °C,  the  films  can  be¬ 
come  potassium  rich  and  not  optically  translucent.  Energy- 
dispersive  x-ray  analysis  reveals  the  presence  of  sodium  in 
some  films,  which  may  partially  compensate  for  the  potas¬ 
sium  deficiency  and  allow  the  films  to  possess  a  single  ori¬ 
entation  and  near-bulk  refractive  indices  as  shown  later.  A 
possible  source  for  the  sodium  is  the  superoxide  pressed  KO2 
targets.  Potassium  vacancies  might  also  be  filled  by  hydro¬ 
gen  atoms. 

The  refractive  indices  were  measured  by  coupling  a 
Ue-Ne  (6328  A)  laser  beam  into  the  films  using  the  prism¬ 
coupling  method.''’  Coupling  curves  for  a  KNbOj  film  with  a 
thickness  of  5000  A  on  a  spinel  substrate  are  shown  in  Fig. 
2.  The  narrow  coupling  width  is  indicative  of  a  smooth  film 
with  uniform  thickness.  Typical  refractive  indices  measured 
for  all  films  are  2.22  and  2.27  in  the  TM  (light  polarized 
along  KNbOj  [110])  and  TE  modes  (light  polarized  in  the 
film  plane),  respectively,  as  shown  in  Table  1.  The  index  of 
KNbO^  (110)  films  is  smaller  than  KTaOj  in  the  TM  mode, 
so  TM-mode  film  coupling  is  not  possible  for  this  case.  The 
measured  refractive  index  for  TM  modes  compares  very  fa¬ 
vorably  with  the  bulk  refractive  index  of  KNbO,  [110], 
2.222.  The  refractive  indices  of  the  TE  modes  of  our  films 
were  measured  in  two  orthogonal  propagation  directions  and 
were  found  to  be  similar  in  each  direction,  which  indicates 
that  90°  domain  orientations  exist  on  all  substrates.  There¬ 
fore,  the  refractive  index  for  the  TE  modes  should  reficct  an 
average  value  (2.274)  between  the  indices  of  KNbO,  [110] 
and  [001],  2.222  and  2.329,  respectively.  The  fact  that  our 
indices  so  closely  approach  the  bulk  values  indicates  that  the 
films  arc  very  dense  over  a  range  of  film  compositions.  No 
dependence  of  refractive  index  on  composition  was  detected. 

In-plane  lattice  spacings  for  single-crystal  KNbO,  with 
( 1 10)  orientation  would  be  3.973  A  [001  ]  and  4.0.36  A  [1 10]. 
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Table  I  lists  the  calculated  lattice  mismatches  for  each  film/ 
substrate  system.  The  x-ray-diffraction  rocking  curve  and 
RBS/channeling  data  show  that  a  smaller  amount  of  grain  tilt 
(higher  degree  of  epitaxy)  was  observed  for  the  KNbO^  films 
on  KTa03  and  spinel  substrates,  where  a  smaller  lattice  mis¬ 
match  occurs,  compared  to  films  on  MgO  substrates.  This  is 
a  clear  indication  that  lattice  mismatch  is  a  key  factor  in 
achieving  good  epitaxial  quality.  Better  epitaxial  quality  sug¬ 
gests  fewer  structural  defects,  which  should  improve  the  op¬ 
tical  quality  of  the  films. 

The  reason  why  the  KNbO^  (1 10)-film  orientation  occurs 
can  be  explained  based  on  the  following  discussion.  The  lat¬ 
tice  parameter  of  ~4. 02-4.05  A  observed  for  all  KNl^O^ 
films  by  x-ray  diffraction  indicates  that  the  shortest  (100) 
axis  ([001],  c =3,973  A)  is  parallel  to  the  substrate  surface 
plane  (in-plane).  At  the  growth  temperature,  the  fact  that 
both  our  film  and  substrate  are  cubic  suggests  that  the  film  is 
(001)  oriented  with  the  in-plane  (100)  axes  aligned  parallel 
to  those  of  the  substrate.  The  cubic-to-tetragonal  transforma¬ 
tion  results  in  two  "short”  axes  and  one  “long”  axis  of 
KNb03.^  At  least  one  of  the  short  axes  must  lie  along  the 
substrate  surface. 

As  the  film  transforms  to  the  orthorhombic  phase,  there 
is  a  slight  lattice  distortion  that  leads  to  the  lengthening  of 
one  of  the  original  short  axes,  which  becomes  the  [110] 
orthorhombic  direction.  The  other  short  axis  remains  essen¬ 
tially  unchanged,  becoming  the  [001]  direction.  Since  there 
are  no  stresses  perpendicular  to  the  growth  direction,  the 
short  axis  normal  to  the  substrate  plane  would  be  less  ener¬ 
getically  inhibited  to  lengthen,  thus  leaving  the  remaining 
short  axis  to  be  in  the  film  plane.  Similarly,  in  the  other  case 
where  if  both  the  short  axes  were  in  the  film  plane,  one  axis 
will  lengthen  and  leave  the  other  short  axis  still  in  the  plane. 
Thus  a  short  axis  would  always  lie  in  the  plane  of  the  sub¬ 
strate,  resulting  in  the  (llO)-oriented  orthorhombic  KNb03 
we  observe. 

The  occurrence  of  grain  tilts  and  90°  domain  orientations 
can  be  further  understood  by  considering  the  KNb03  phase 
transformations  from  cubic  (at  growth  temperature)  to  tetrag¬ 
onal  ('-'435  °C),  and  then  to  orthorhombic  ('^225  °C)  during 
cooling.  During  deposition,  misfit  dislocations  are  expected 
to  form  to  accommodate  the  lattice  mismatch  between  the 
film  and  substrate.  This  may  result  in  “tilts”  and  “twists”  of 
the  film  grains  with  respect  to  the  substrate.  Upon  cooling, 
more  tilting  may  occur  depending  on  the  thermal-expansion- 
coefficient  mismatch.  The  phase  transformation  can  induce 
twin  formation  and  also  can  affect  the  magnitude  of  the  grain 
tilt.  Due  to  the  KNb03  (110)  orientation  and  its  orthorhombic 
structure,  in  which  there  is  a  slight  asymmetry  of  the  two 
(100)  long  axes,  an  additional  tilt  of  0.13°  from  the  normal 


towards  one  of  the  two  in-plane  KNb03  (110)  directions  oc¬ 
curs.  The  cubic  nature  of  tlie  substrates  allows  for  the  tilts 
and  twins  to  occur  in  any  of  the  equivalent  90°  directions. 
This  limits  the  x-ray-diffraction  rocking  curve  to  a  minimum 
FWUM  value  of  '--0.26°  for  the  fine-grained,  unpoled  thin 
films. 

Both  the  XRD  rocking  curves  and  RBS/channeling  data 
show  a  higher  quality  of  epitaxy  for  KNb03  on  KTa03  and 
MgAl204  compared  with  films  on  MgO,  indicating  that  a 
smaller  lattice  mismatch  is  the  key  to  improving  epitaxy  and 
minimizing  low-angle  boundaries.  Tills  and  twins  may  be  a 
significant  factor  limiting  propagation  losses.  The  lower  sub¬ 
strate  roughnesses  of  KTa03  and  MgAl204  substrates  and  the 
corresponding  lower  film  roughnesses  should  result  in  lower 
surface  scattering  losses  due  to  a  smoother  interface  and  film 
surface. 

We  have  deposited  high-quality,  dense,  epitaxial  KNb03 
films  on  KTa03,  MgAl204,  and  MgO  substrates.  Despite  the 
observed  potassium  deficiency,  the  KNb03  films  are  dense  as 
suggested  by  the  bulk  refractive  indices  observed.  KNb03 
films  on  KTa03  and  MgAl204  have  better  epitaxial  orienta¬ 
tion  than  those  on  MgO,  confirming  that  lattice  mismatch  is 
a  key  issue  in  producing  high-quality  epitaxial  films.  The 
varying  quality  of  epitaxy  of  the  films  and  the  refractive- 
index  differences  between  substrates  should  provide  infor¬ 
mation  regarding  the  dominant  loss  mechanisms  for  KNb03 
thin-film  waveguides  on  different  substrates.  The  optical 
losses  are  presently  being  investigated  and  the  results  will  be 
reported  in  a  forthcoming  publication. 
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ABSTRACT 

A  potassium  niobate  thin  film  waveguide  is  an  ideal  candidate  for 
producing  a  compact  blue  laser  source  by  second  harmonic 
generation.  However,  good  epitaxial  quality  films  are  difficult  to 
produce  and  high  optical  losses  are  a  continuing  problem.  A  report  is 
presented  in  this  paper  on  the  investigations  of  the  microstruciural  and 
optical  properties  of  KNb03  thin  films  to  better  understand  the  origin 
of  optical  waveguide  losses.  Epitaxial,  dense  KNb03  thin  films  have 
been  grown  on  MgO,  MgAl204,  and  KTa03  substrates  by  ion-beam 
sputter  deposition.  X-ray  diffraction,  rocking  curves,  Rutherford 
backscattering  spectroscopy,  ion-channelling,  field  emission  scanning 
electron  microscopy,  and  atomic  force  microscopy  were  used  to 
analyze  the  orientation,  epitaxial  quality,  grain  size,  and  surface 
roughness  of  the  films.  Optical  properties  including  refractive  index 
and  optical  scattering  losses  have  been  characterized  by  prism¬ 
coupling  and  an  optical  fiber  loss  measurement  method.  The 
dominant  loss  mechanism  in  these  film  waveguides  is  discussed. 
Green  light  by  second  harmonic  generation  has  been  produced  in  the 
transverse  and  waveguide  modes  in  KNb03  films. 

INTRODUCTION 

A  short  wavelength  laser  source  is  necessary  to  increase  the  density  of 
present  optical  recording  systems.  Green  or  blue  light  can  be 
generated  from  an  IR  laser  by  second  harmonic  generation  (SHG) 
using  a  nonlinear  optical  material.  Several  problems  continue  to 
hinder  efficient  frequency  doubling.  First,  few  materials  posess  high 
nonlinearity  and  can  be  easily  phase-matched  for  the  appropriate 
wavelengths.  In  addition,  bulk  crystals  that  have  demonstrated  SHG 
in  the  blue  or  green  spectral  region  produce  too  little  power.  (At  least 
5  m  W  of  power  is  necessary  for  many  practical  applications.)  [  1  ] 

Potassium  niobate  posesses  very  high  nonlinear  constants  and  one  of 
the  highest  figures  of  merit  for  producing  SHG.  [2]  Also,  KNbOs 
thin  films  offer  field  confinement  and  thus,  high  conversion  efficiency 
as  well  as  ease  of  phase-matching  by  use  of  normal  dispersion. 
Lithium  niobate  thin  films  have  demonstrated  SHG  blue  light. 
However,  its  bulk  nonlinear  optical  properties  are  inferior  to  those  of 
KNb03  and  the  second  harmonic  power  produced  was  weak.  [3] 
Ultimately,  thin  film  waveguides  will  be  desired  for  high  power 
conversion.  Nevertheless,  high  quality  KNb03  thin  films  are  difficult 
to  grow  due  to  potassium  volatility  at  the  growth  temperature.  A  high 
degree  of  epitaxy  and  defect  minimization  are  necessary  for  low 
waveguide  losses.  Thus,  the  origin  of  losses  must  be  pinpointed,  and 
microsiructure  and  film  processing  must  be  synergistically  controUed. 

We  report  the  growth  of  KNb03  thin  films  with  a  high  degree  of 
epitaxy,  and  correlate  film  microstructures  with  optical  properties. 
Films  were  grown  by  ion-beam  sputter  deposition.  X-ray  diffraction 
(XRD)  and  x-ray  rocking  curves  were  performed  to  analyze  film 
orientation  and  grain  tilt,  respectively.  Rutherford  backscattering 
spectroscopy  (RBS)  revealed  film  composition  information  while 
RB S/channelling  detected  the  grain  till  and  misorientation  of  the 
films.  Substrate  and  film  surface  roughnesses  were  determined  by 
atomic  force  microscopy  (AFM).  Field  emission  scanning  electron 
microscopy  displayed  the  film  surface  morphology.  Refractive 
indices  were  calculated  from  prism -coupling  measurements  and  an 
optical  fiber  attachment  allowed  optical  scattering  losses  to  be 
measured.  Highly  epitaxial,  dense  KNb03  thin  films  have  produced 
green  light  by  SHG  in  the  transverse  and  waveguide  modes. 

ION-BEAM  SPUTTER  DEPOSfTION 

Ion-beam  sputter  deposition  was  used  to  produce  KNb03  ihin  films 
on  MgO  (100),  MgAJ2  04  (100),  and  KTa03  (100)  substrates.  A 
computer-controlled,  sequential  rotating  target  assembly  consists  of 
potassium  superoxide  (KO2)  and  niobium  targets  that  arc  alternately 
sputtered  by  an  xenon  ion  beam.  [4]  Thus,  composition  is  controlled 
by  programming  the  ion  beam  dwell  time  on  each  target.  Each  layer 
deposited  in  one  rotation  of  the  targets  is  only  5-10  A  to  allow  for 
interdiffusjon  to  form  a  homogeneous  film.  TTie  deposition  rate  is 
about  10  A/min.  and  film  growth  occurs  at  650-700°C.  Table  1 
summarizes  the  important  sputter  deposition  parameters. 


Table  1.  Ion-beam  deposition  parameters  for  KNb03  thin  film 
growth. 


Beam  energy 

800  eV 

Beam  current 

15  mA 

Xe"*"  source  gas  pressure 

1.4  X  10"^  torr 

O2  gas  pressure 

2.5  X  10-4  torr 

Deposition  temperature 

650-700‘C 

Deposition  rate 

10  A/min. 

MICROSTRUCTURAL  PROPERTIES 


Orientation 


The  d-spacings  of  the  planes  parallel  to  the  sample  surface  can  be 
detected  through  standard  theta-two  theta  x-ray  diffraction.  KNb03 
films  on  all  substrates  under  typical  growth  conditions  show  a  single 
KNb03  (110)  orientation  with  d-spacings  in  the  range  of  4.02-4.04 A. 
This  corresponds  to  one  of  the  longer  axes  of  the  orthorhombic 
KNb03  cell.  Films  deposited  at  temperatures  lower  than  600°C  often 
contain  additional  grain  orientations  such  as  the  KNb03  (111). 


X-ray  diffraction  rocking  curve  analysis  provides  information  about 
the  grain  tilt  of  the  films.  The  samples  were  ‘rocked’  about  the 
KNb03  [110].  Any  misorientation  of  the  film  grains  will  result  in 
detection  of  planes  slightly  off  the  two-theta  bragg  angla  Figure  1 

reveal  FWHM  values  of  0.25,  0.30,  and  0.84’  on  KTa03, 
MgAHOa.  and  MgO,  respectively. 


26  (degrees) 

Figure  1.  X-ray  diffraction  rocking  curves  of  KNb03  [110]  on  (a) 
KTa63,  (b)  MgAl204,  and  (c)  MgO  substrates. 


Composition  and  grain  tilt 

Rutherford  backscattering  spectroscopy  was  used  to  analyze  the 
composition  and  thickness  of  the  films.  KNb03  are  found  to 
posess  K  to  Nb  ratios  in  the  range  of  0.60  to  0.90.  The  potassium 
deficiency  does  not  seem  to  affect  the  bulk  properties  of  the  films. 

For  instance,  in  XRD,  only  the  KNb03  (110)  orientation  exists  and 
near  bulk  refractive  index  values  are  measured  (as  discussed  later)  for 
all  films  despite  the  K  deficiency.  It  is  believed  that  Na  atoms  arising 
from  impurities  in  the  KO2  targets  compensate  for  the  K  deficiency. 

A  KNb03  film  was  deposited  on  a  beryllium  substrate  to  allow 
sodium  to  be  detected  in  the  RBS  spectrum  without  being  obscured  by 
the  substrate  peak.  Sodium  was  found  to  exist  throughout  the 
thickness  of  the  film.  Thus,  it  is  likely  that  Na  substitution  on  the  K 
sub-lattice  preserves  the  integrity  of  the  KNb03  unit  cell  and  further, 
has  the  little  influence  on  some  film  properties  such  as  the  refractive 
index. 


RBS/channeling  measurements  were  performed  by  aligning  the  beam 
along  the  [110]  film  direction.  The  amount  of  scattering  from  the  film 
would  reveal  the  amount  of  film  misorientation,  defects,  and  other 
scattering  centers.  Channelling  can  only  occur  if  films  are  qf  good 
epitaxial  quality.  In  all  cases  the  film  was  found  to  be  aligned  with 
the  substrate  in  the  perpendicular  growth  direction  as  the  minimum 
film  channeling  direction  corresponds  to  that  of  the  substrate. 

KNb03  films  on  KTa03  and  spinel  substrates  displayed  the  lowest 


channeling  yields  with  ^min  of  only  1%  and  9%  for  the  Nb  peak, 
respectively,  while  KNb03  films  on  MgO  showed  a  of  18  %. 

A  single  crystal  KTaOs  substrate  displayed  a  Xmjn  of  3%  which 
illustrates  the  high  degree  of  epitaxy  of  these  films.  However,  films 
on  MgO  posess  significantly  more  grain  tilt.  These  results  seem  to 
conrelate  with  the  XRD  rocking  curve  data  shown  above. 

Surface  morphology 

Field  emission  scanning  electron  microscopy  was  used  to  characterize 
the  surface  microstructure  and  grain  size  of  the  films.  KNb03  films 
on  MgO  and  spinel  contained  grains  of  1000  to  1200  A  in  size  as 


shown  in  Figure  2.  Larger  grain  sizes  of  ~  SOOOA  and  also  90® 
oriented  domain  structures  were  found  for  films  on  KTa03. 


Figure  2.  FESEM  micrographs  of  KNb03  on  (a)  MgO,  (b) 
MgAl204,  and  (c)  KTa03  substrates 


MgO  and  spinel  substrates  were  purchased  from  Advanced 
Composited  Materials  and  Commercial  Crystal  Systems,  respectively. 
Oak  Ridge  National  Laboratories  provided  the  KTa03  substrates. 

Surface  roughness  of  both  the  films  and  substrates  were  analyzed  by 
atomic  force  microscopy.  Substrate  surface  roughness  minimization 
is  key  for  lowering  optical  scattering  at  the  interfaces  and  for 
optimizing  epitaxial  film  growth.  Regions  of  5  by  5  microns  were 
scanned  for  all  samples.  MgO  substrates  displayed  a  root  mean 
square  (rms)  roughness  value  of  23  A  with  maximum  features  of  196 
A  in  height.  These  periodic  large  structures  are  believed  to  be  due  to 
hydroxide  formation  on  the  MgO  surface.  Annealing  of  the  MgO 
substrates  for  14  hours  at  1150°C  resulted  in  an  rms  value  of  only  13 
A  with  maxirnum  features  of  95  A.  Spinel  substrates  presented  rms 
values  of  14  A  and  large  features  of  270  A.  Upon  annealing  both  the 
rms  and  the  maximum  feature  height  increased  appreciably.  The 
rougher  spinel  surface  can  be  attributed  to  either  the  nature  of  the 
more  complex  spinel  structure  where  several  different  atomic  surfaces 
are  possible,  or  due  to  vendor  preparation.  KTa03  substrates 
exhibited  the  lowest  surface  roughness  with  an  rms  of  8  A  and  a 
maximum  height  of  56  A.  The  surface  roughness  of  the  KNb03  films 
were  found  to  be  low,  with  rms  values  varying  from  13  to  37  A. 

OPTICAL  PROPERTIES 


Refractive  index 

The  prism  coupling  technique  was  used  to  evaluate  the  refractive 
index  of  the  thin  films.  [5]  A  He-Ne  laser  (6328  A)  is  focused  on  a 
rutile  prism  clamped  to  the  sample.  The  beam  can  be  either  polarized 
in  the  TE  (polarized  in  the  plane  of  the  film)  orTM  (polarized 
perpendicular  to  the  filml  mode.  When  the  propagation  constant  of 
the  He-Ne  beam  in  the  prism  matches  that  of  the  film,  the  overlap  of 
the  light  waves  in  the  airgap  between  the  prism  and  film  allows  the 
light  to  couple  into  the  film/waveguide.  The  incident  angles  which 
produce  coupling  conditions  are  used  to  calculate  the  refractive  index 
and  thickness  of  the  film.  If  two  coupling  angles  (two  waveguide 
modes)  can  be  detected,  both  the  thickness  and  refractive  index  can  be 
calculated  indeoendentlv.  Otherwise,  one  parameter  must  be  known 
to  calculate  the  other.  Refractive  indices  measured  for  ail  films  are 
2.21  and  2.28  in  the  TM  Qight  polarized  along  KNb03  [110])  and  TE 
modes  Qight  polarized  in  the  film  plane),  respectively.  The  bulk 
refractive  index  of  KNb03  [1 10]  in  the  TM  orientation  is  2.222.  The 
refractive  indices  of  the  TE  modes  of  our  films  were  measured  in  two 
orthogonal  propagation  directions,  but  no  birefringence  was 
measured,  which  indicates  that  90°  domain  orientations  exist  on  all 
substrates.  Therefore,  the  bulk  refractive  index  for  the  TE  modes 

should  reflect  an  average  value  between  the  indices  of  KNb03  [  1 10] 
and  [001],  2.222  and  2.329.  Figure  3  displays  the  KNb03  film 
refractive  indices  as  a  function  of  composition.  Consequently,  the 
fact  that  the  refractive  indices  fail  so  close  to  the  bulk  values  suggest 
KNb03  films  are  dense  despite  the  potassium  deficiency. 
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Figure  3.  Refractive  index  of  KNb03  (110)  measured  in  the  TE  and 
TM  modes  versus  composition 

Scattering  losses 

Optical  waveguide  losses  can  be  measured  by  analyzing  the  light 
streak  observed  in  the  film  when  coupling  occurs.  Longer  light 
streaks  suggest  lower  scattering  losses.  KNb03  'films  on  MgO  and 
spinel  show  higher  losses  for  thick  films  (>1500  A)  than  thinner 
(-1000  A)  films.  Streak  lengths  of  >8  mm  can  be  observed  for  the 
latter  cases  as  compared  to  only  2-3  mm  for  the  thicker  films.  For  our 
apparatus,  losses  can  only  be  measured  by  those  films  with  streak 
lengths  of  >5  mm.  An  optical  fiber  is  mounted  on  a  micrometer  that 
allows  movement  along  the  length  of  the  streak.  The  intensity  of  the 
light  scattered  at  the  surface  of  the  streak  is  detected  and  quantified  by 
a  photodiode  and  connected  to  a  nanovoltmeter.  The  losses  can  then 
be  calculated  by  taking  the  slope  of  the  101og(I/Io)  versus  distance 
along  the  light  streak  where  I  =  intensity  of  the  measurement  point 
and  lo  =  initial  intensity  collected  by  the  first  point  near  the  prism. 
Optical  waveguide  losses  of -34  dB/cm  were  found  for  KNb03  films 
of  -1 100  A.  While  even  higher  losses  of  >50  dB/cm  were  detected 
for  thicker  (>1500  A)  films  . 

Second  harmonic  generation 

A  Nd:  YLF  laser  source  with  a  wavelength  of  1.053  pm  with  -SOpsec, 
100  MHz  pulses  under  mode -locked  operation  was  used  as  the  source 
beam  for  SHG  measurements.  A  harmonic  beam  splitter  transmits  the 
fundamental  wavelength  to  a  razor  blade  beam  block,  and  reflects  the 
second  harmonic  through  a  tilted  532  nm  bandpass  filter  onto  a 
ground-glass  screen.  First,  KNbO 3  samples  of  thicknesses  varying 
from  4600  to  6500  A  were  placed  perpendicular  to  the  beam  direction. 
By  visual  inspection  of  the  screen,  strong  green  light  was  observed  for 
four  samples  of  KNbO  3  thin  films  on  both  MgO  and  KTa03 
substrates.  Currents  of  only  28  to  30  A  (at  30A,  275  watl/pulse  was 
detected)  were  necessary  to  generate  strong  green  light.  Saturation  of 
the  signal  seem  to  occur  at  30  A,  A  KNbO  3  sample  of  -2400  A  in 
thickness  was  then  coupled  with  a  90°  rutile  prism.  A  3^  mm  green 
light  streak  was  seen  in  the  TMq  mode  using  currents  of  31  to  33  A. 

DISCUSSION 

Three  types  of  loss  mechanisms  exist:  scattering,  absorption,  and 
radiation.  [6]  However,  for  dielectric  thin  films,  the  predominant 
contribution  to  losses  are  scattering  losses.  Scattering  is  subdivided 
into  volume  and  surface  scattering.  Surface  scattering  losses  are 
attributed  to  both  light  scattered  from  the  film  surface  and  the 
film/substrate  interface.  As  the  thickness  of  the  film  increases,  the 
surface  scattering  losses  decrease  for  a  given  coupling  angle  and 
arbitrary  propagation  length.  As  the  mode  number  increases,  the 
surface  scattering  will  likewise  increase,  for  the  number  of  reflections 
within  the  wavegtiide  increases  duly.  Therefore,  properties  that  affect 
these  losses  are  film  and  substrate  roughness,  and  the  particular  mode 
or  coupling  angle. 

Volume  losses  originate  from  scattering  due  to  imperfections  such  as 
point  defects,  dislocations,  and  grain  boundaries,  found  in  the  bulk  of 
the  waveguide.  Figure  4  illustrates  the  phenomenon  of  volume 
scattering.  Our  data  shows  that  the  optical  waveguide  losses  increase 
as  the  thickness  of  the  film  increases  in  the  case  of  KNb03  films  on 
MgO  and  spinel.  This  indicates  that  volume  scattering  losses  are 
indeed  dominating.  When  the  films  are  just  above  the  thickness 
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criterion  for  waveguiding  of  the  first  mode,  the  majority  of  the  field  is 
propagating  in  the  low  loss  single  crystal  substrate,  and  thus,  low 
scattering  losses  are  observed.  As  the  film  thickness  increases,  the 
amount  of  the  optical  field  propagating  in  the  film  increases,  and  thus 
volume  losses  bcome  a  greater  proportion  of  the  total  losses. 
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Figure  4.  Modal  distribution  versus  distance  at  the  TM=0  mode  and 
wavelength  6328  A  for  a  KNbOs  waveguide  on  MgO 
substrate  for  film  thickness  (a)  12(X)  A  and  (b)  2(300  A 


The  x-ray  diffraction  rocking  curve  and  RBS/channeling  data  show  a 
correlation  between  lattice  mismatch  and  grain  tilt.  KNb03  films  on 
spinel  and  KTa03,  where  a  smaller  lattice  mismatch  exists,  exhibited 
less  grain  tilt  as  compared  to  films  on  MgO.  At  the  deposition 
temperature,  the  KNb03  film  is  cubic.  Misfit  dislocations  form  to 
accomodate  the  lattice  mismatch  which  may  result  in  'tilts'  and  'twists’ 
of  the  grains.  These  lattice  imperfections  can  be  a  significant 
contributor  to  bulk  scattering.  During  cooling,  the  film  first 
transforms  to  the  tetragonal  phase  at  ~435*C.  li  is  during  the  second 
transformation  to  the  orthorhombic  structure  (-225 ‘C)  where  twin 
domains  may  form.  The  cubic  symmetry  of  the  substrates  allows  the 
in-plane  orientations  to  be  accomodated  in  any  of  the  four  equivalent 
90’  directions.  Light  waves  travelling  in  the  film  will  therefore 
experience  refractive  index  changes  as  they  traverse  the  twin  domains 
resulting  in  attenuation.  The  coarse  and  fine  grain  structure  as  seen  in 
the  FESEM  micrographs  gives  additional  evidence  of  the  bulk 
scattering  that  is  occurring  in  the  films. 


SUMMARY 


Epitaxial  dense  KNb03  thin  films  have  been  grown  on  MgO, 
MgAl204,  and  KTa03  substrates  by  ion-beam  sputter  deposition.  X- 
ray  diffraction  scans  show  a  single  KNb03  (110)  orientation  for  all 
films.  RBS  revealed  K  to  Nb  ratios  ranging  from  0.60  to  0.90.  The 
potassium  deficiency  of  the  KNb03  films  can  be  explained  by  sodium 
incorporation  from  impurities  found  in  the  KO2  sputtering  targets. 
AFM  measurements  reveal  smooth  films  when  grown  on  high  quality 
substrate  surfaces.  Prism  coupling  measurements  show  films  to 
possess  near  bulk  TE  and  TM  refractive  indices  of  2.28  and  2.2 1 , 
respectively.  The  optical  waveguide  losses  in  the  films  can  be 
attributed  primarily  to  volume  scattering,  possibly  originating  from 
the  coarse  and  fine  grain  structure  and/or  twins  formed  during 
structural  transformations.  KNb03  films  have  demonstrated 
SHG  of  green  light  from  a  Nd:YLF  laser  source  in  the  transverse  and 

waveguide  modes  with  film  thicknesses  of  4600-65(X)  A  and  -24(X) 

A,  respectively.  The  strong  green  light  seen  at  low  currents  and  small 
film  thicknesses  indicate  the  high  nonlinearity  of  the  KNb03  films, 
the  high  quality  of  these  KNb03  thin  films,  and  the  potential  for 
producing  a  blue  laser  source. 
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ABSTRACT 


Potassium  niobate,  KNb03,  possesses  high  nonlinear  optical  coefficients 
ma  ing  it  a  promising  material  for  frequency  conversion  into  the  visible 
wavelength  range.  While  epitaxial  thin  films  of  KNb03  have  been  reported 
11,2],  only  limited  data  exists  concerning  the  optical  loss  mechanisms  and 

properties  of  these  films.  In  this  study,  epitaxial  thin  films  of 
KNb03  have  been  grown  using  ion  beam  sputter  deposition  and  evaluated  in 
terms  of  their  microstructures  and  optical  properties.  Characterization  of  the 
microstruc^es  of  these  films  includes  the  in-plane  epitaxial  relationship  to  the 

devSnilpd  l^tween  the  growth  parameters  and  microstructures 

developed  to  the  indices  of  refraction  and  the  optical  losses  (absorption  and 
scattering)  are  discussed. 


INTRODUCTION 


The  next  generation  of  laser  writing  and  optical  storage  devices  will 
require  a  high  resolution  coherent  light  source.  The  resolution  necessary  can  be 
achieved  by  using  a  blue  light  source  where  high  resolution  is  achieved  because 
ot  the  short  wavelength.  Currently  no  compact  blue  laser  source  is 
commercially  available,  but  the  production  of  blue  laser  radiation  through 
second  harmonic  generation  (SHG)  in  a  nonlinear  optical  material  presents  the 
most  promising  approach  demonstrated  thus  far.  Achieving  the  necessary 
second  harmonic  power  (1-5  mW)  from  a  relatively  low  power  semiconductor 
laser  diode  requires  high  conversion  efficiency  in  the  nonlinear  material. 

Many  factors  influence  the  SHG  efficiency  including  the  nonlinear 
susceptibility  of  the  material  (djjk),  the  refractive  index  (n),  the  optical 

paiblength  (L),  and  the  waveguide  width  and  thickness  (w,t)  as  shown  in  the 
lollowing  equation. 
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boundaries  have  been  observed  previously  in  KNb03  thin  films  grown  by  ion 
beam  sputtering. 1 12) 


conclusion  that  the  films  are  textured  with  in-plane  rotation  as  stated  above 
However,  strain  effects  and  twinning  could  also  account  for  the  lack  of 
birefringence  in  the  TB  index,  llie  TM  indices  of  both  types  of  ion  beam 
sputtered  films,  on  the  other  hand,  are  in  good  agreement  with  the  expected 
(110)  bulk  index. 


propagation  loss  in  me  rums  using  me  iioer  pruoe. 

microstructural  features  such  as  grain  boundaries  and  interface  roughness  can  l>e 
major  contributors  to  scattering  loss,  lliese  features  are  found  in  the  sputtered 
films  and  must  be  controlled  in  the  future  to  yield  low-loss  waveguides. 
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MICROSTRUCTURAL  CHARACTERIZATION  OF  EPITAXIAL  BOTTOM 
ELECTRODES,  BUFFERED  LAYERS,  AND  FERROELECTRIC  THIN  FILMS 
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Figure  5  (a)  A  low  magnification  image  of  (001)  YBCO  on  (100)  KNbOa/dOO) 
MgO.  (b)  A  high  resolution  image  of  the  YBCO/KNbOi  interface. 
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“Ion-Beam  Reactive  Sputter  Deposition  of  MgO  Thin  Films  on  Silicon  and  Sapphire 
Substrates,”  Alice  F.  Chow,  Shang  Hsieh  Rou,  Daniel  J.  Lichtenwalner,  Orlando  Auciello, 
and  Angus  I.  Kingon,  MRS  Symposium  Proceedings  268  (Materials  Modification  by 
Energetic  Atoms  and  Ions),  253-258,  1992. 


253 


lON-BEAM  REACTIVE  SPUTTER  DEPOSITION  OF  MgO  THIN  HLMS  ON  SILICON 
AND  SAPPHIRE  SUBSTRATES 


ALICE  F.  CHOW.  SHANG  HSIEH  ROU,  DANIEL  J.  LICHTENWALNER.  ORLANDO 
AUCIELLO*.  and  ANGUS  I.  KINGON,  NORTH  CAROLINA  STATE  UNIVERSITY. 
RALEIGH.  NC;  *also  MICROELECTRONICS  CENTER  OF  NORTH  CAROLINA, 
RESEARCH  TRIANGLE  PARK,  NC 


ABSTRACT 

MgO  thin  films  were  deposited  on  silicon  and  sapphire  substrates  using  ion-beam  reactive 
sputtering.  Films  have  been  analyzed  using  x-ray  diffraction,  transmission  electron  microscopy, 
and  atomic  force  microscopy.  Highly  oriented  (100)  MgO  films  have  been  obtained  on  Si  ( ICiO) 
substrates.  The  in-plane  orientation  is  predominantly  [100]MgO//[100]Si.  although  a  twist  of  up 
to  ilO®  between  grains  is  observed.  Epitaxial  films  of  MgO  were  deposited  on  four  different 
orientations  of  sapphire.  The  MgO  film  orientation  was  (1 1 1)  on  c-cut  (0001)  AI2O3  and 
exhibited  double  positioning  boundaries  in  TEM  analysis.  On  r-cut  (li02)  AI2O3  .  the  MgO 
appeared  to  be  oriented  (730)  with  tilt  and  twist  of  between  the  grains.  Epitaxial  MgO  films 

oriented  (110)  and  (111)  were  obtained  on  m-cut  (lOiO)  and  a-cut  (1 1 20)  sapphire  orientations, 
respectively.  In-plane  directions  were  extracted  from  TEM  analysis  on  all  the  samples.  Atomic 
force  microscopy  revealed  fairly  smooth  MgO  films  on  sapphire,  varying  from  0.35  nm  average 
roughness  for  the  MgO  film  on  the  m-cut  substrate  to  0.80  nm  on  the  r-cut  substrate. 


L  INTRODUCTION 

The  integration  of  novel  superconducting,  electro-optic,  and  ferroelectric  thin  film 
devices  with  existing  semiconductor  processing  technology  requires  the  deposition  of  thin  films 
of  YBa2Cu307,x  (YBCO),  Pb(ZrxTi ] .x)03  (PZT),  or  KNb03  on  substrates  such  as  silicon  and 
sapphire.  Silicon  is  ubiquitously  used  and  its  processing  technology  is  well  understood. 

Sapphire  exhibits  many  desired  attributes  for  microwave  applications,  such  as  low  loss  and  low 
dielectric  constant,  large  substrate  availability  at  low  cost,  and  good  mechanical  strength  (!]. 

While  the  scientific  importance  of  YBCO,  PZT,  and  KNb03  on  silicon  or  sapphire  is 
evident,  processing  difficulties  have  hindered  progress  in  this  area.  Buffer  layers  must  be 
introduced  to  prevent  interfacial  reactions  and  diffusion  between  layers.  For  many  applications, 
potential  buffer  layers  must  be  epitaxially  deposited  on  the  substrate  and  be  a  good  host  lattice 
for  the  ovcriaycr,  as  well  as  be  chemically  inen  with  respect  to  the  substrate  and  overlayers.  A 
few  candidates  for  buffer  layers  are  YSZ  and  Ce02  [2].  Here  we  have  chosen  MgO  because  it 
has  a  low  dielectric  constant,  good  thermodynamic  stability,  chemical  compatiblity  with  many 
materials,  and  provides  an  acceptable  lattice  match  for  the  multicomponent  oxide  films 
mentioned  above. 

The  propenies  of  YBCO,  KNb03,  and  PZT  are  known  to  be  dependent  on  crystal 
orientation.  For  instance,  c-axis  YBCO  results  in  the  optimal  Jc  and  Tc  values,  and  thus  a  (100) 
oriented  epitaxial  MgO  underlayer  is  desired  for  deposition  of  c-axis  YBCO  films.  The  electro- 
optic  properties  of  KNb03  thin  films  and  the  ferroelectric  propenies  of  PZT  thin  films  as  a 
function  of  crystal  orientation  have  not  been  thoroughly  studied.  Our  goals  in  this  work  are  two¬ 
fold:  1)  to  obtain  epitaxial  MgO  films  on  silicon  and  sapphire  substrates;  and  2)  to  achieve 
various  orientations  of  MgO  films  to  enable  further  study  of  KNb03  and  PZT  properties  as  a 
function  of  film  orientation. 


11.  EXPERIMENT 

Ion-beam  reactive  sputtering  was  used  to  deposit  the  MgO  films  examined  in  this  study. 
The  deposition  system  has  been  described  in  detail  elsewhere  [3].  Briefly,  the  system  is  pumped 
using  a  330  1/s  turbomolecular  pump,  attaining  a  background  pressure  in  the  mid  10'^  Torr  range. 
A  3-cm  diameter  Kaufman-type  ion  source  is  used  to  sputter  a  12.5  cm  diameter  magnesium 
metal  target  A  500eV,  20mA  Xe'*'  ion  beam  was  used,  with  O2  gas  added  to  the  chamber 
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serving  as  the  reactive  species.  Substrates  were  mounted  to  a  radiativcly  heated  substrate  block 
using  silver  paste.  Substrate  thermocouple  temperatures  were  calibrated  using  an  optical 
pyrometer  to  measure  a  Si  substrate,  and  comparing  it  to  the  melting  point  of  an  Al  bead 
mounted  nearby. 

Acetone,  methanol,  and  deionized  water  were  used  for  cleaning  both  silicon  and  sapphire 
substrates.  Because  silicon  readily  oxidizes  and  the  amorphous  silicon  oxide  may  disrupt  the 
epitaxial  correlation  of  silicon  with  the  arriving  film  atoms,  passivation  of  the  surface  is  required. 
A  buffered  hydrogen  flouridc  (BOE)  dip  etch  was  used  to  achieve  a  hydrogen  terminated  silicon 
surface  [4]. 

After  the  substrates  were  mounted,  heated  to  the  desired  temperature  at  approximately 
10°C/minute,  and  chamber  pressure  minimized,  the  magnesium  target  was  prespuitered  while  the 
substrates  were  shuttered.  While  the  sapphire  substrates  are  insensitive  to  an  oxygen 
environment,  silicon  must  be  especially  guarded  from  an  oxygen  background  to  prevent  silicon 
oxide  formation.  Therefore,  for  deposition  on  silicon,  the  magnc.sium  was  presputtered  with  no 
oxygen  added.  After  opening  the  shutter  and  depositing  -lOA  of  material,  0.5  seem  of  oxygen 
flow  (1.2  X  lO'^^Torr)  was  initiated,  resulting  in  reactive  sputtering  of  MgO.  A  substrate 
temperature  of  500°C  was  used.  For  sapphire,  a  steady  oxygen  pressure  was  established  before 
the  run.  An  oxygen  flow  of  0.5  seem  was  also  used,  and  substrate  lempemtures  ranged  from 
5(X)-700®C  The  establishment  of  0.5  seem  oxygen  flow  resulted  from  an  earlier  oxygen 
flow/deposition  rate  calibration  to  determine  minimum  oxygen  flow  required  to  have  a 
magnesium  oxide  (reacted)  target  surface.  Minimum  oxygen  flow  was  demanded  due  to  the 
possibility  of  obstruction  of  oriented  growth  by  the  presence  of  too  much  oxygen  |51. 

X-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM),  and  atomic  force 
microscopy  (AFM)  were  performed  to  characterize  our  samples.  This  provides  a  complete 
analysis  of  film  orientation,  microstructure,  and  surface  morphology. 

III.  RESULTS  and  DISCUSSION 

X-ray  diffraction  was  performed  on  all  samples.  The  XRD  results  show  oriented 
MgO(lOO)  on  Si(lOO),  MgOd  1 1)  on  A!2O3({X)01 ),  MgO(l  10)  on  Al2O3(ia0),  and  MgOd  1 1) 
on  Al203(l  120) .  These  XRD  patterns  are  shown  in  Fig.  1.  The  XRD  results,  although 
indicating  oriented  film  growth,  are  not  sufficient  to  confirm  epitaxy.  No  MgO  peaks  were 

observed  for  films  deposited  on  (1102)  AI2O3. 


30  40  50  60  70  80  90 


Two  theta  (degrees) 


Two  theta  (degrees) 


Fig.  1.  X-ray  diffraction  patterns  of  MgO  on  silicon,  and  on  a-cut,  c-cut,  and  m-cui  sapphire. 
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"rhe  MgO  films  on  Si  were  further  examined  using  both  plan-view  and  cross-sectional 
TEM.  A  plan  view  miCTOgraph  and  electron  diffraction  pattern  are  shown  in  Fig.  2.  A  large 
selected  area  apeimre  size  was  used  to  obtain  the  electron  diffraction  patterns  from  a  reasonably 
large  area.  The  diffraction  pattern  indicates  that  the  (001)  MgO  in-planc  orieniadon  lies  parallel 
to  the  (OOl)Si,  although  twisted  up  to  ±10°  about  the  substrate  normal.  The  twist  is  large  enough 
to  pr^uce  distinct  gram  boundaries  in  the  MgO  film.  The  grain  size  is  about  300A,  as  seen  in 
the  TEM  micrograph  (Fig.  2).  These  highly  oriented  MgO  films  would  serve  as  suitable  buffer 
layers  for  PZT  films  used  as  nonvolatile  memories.  Cross-sectional  TEM  has  revealed  that  a  thin 
(<15 A)  amorphous  layer  is  present  at  the  MgO/Si  interface.  It  has  not  been  determined  whether 
this  layer  forms  before,  during,  or  after  deposition.  Because  of  the  non-UHV  conditions  of  the 
deposmon  chamber,  it  is  possible  that  an  oxide  formed  prior  to  deposition.  The  presence  of  a  thin 
amo^hous  region  on  the  substrate  initially  could  explain  the  lack  of  complete  epitaxy  for  the 
MgO  film.  Improving  the  Si  passivation  procedure  may  remedy  this  occurrence  [6]. 


Fig.  2,  Plan  view  micrograph  and  electron  diffraction  pattern  of  MgO  film  on  (100)  silicon. 


Fig.  3.  Plan  view  micrograph  and  electron  diffraction  pattern  of  MgO  on  c-cut  sapphire.  The 
bou  ndaries  observed  in  the  micrograph  are  double  positioning  boundaries. 
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All  MgO  films  on  sapphire  exhibited  epitaxial  growth  as  revealed  by  the  plan-view 
electron  diffraction  patterns.  The  MgO  on  c-cut  (0001)Al203  contained  double  positioning 
boundancs  ^  shown  by  the  micrograph  in  Fig.  3.  Two  cncrgcticaily  equivalent  sets  of 
nucleadon  sites  are  present,  thus  the  arriving  atoms  have  a  choice  of  adsorption  sites  resulting  in 
grainy  separated  by  partial  dislocation-like  boundaries,  or  double  positioning  boundaries 

( VdP  11]  lattice  shifts).  The  electron  diffraction  pattern  shows  the  in-planc  epitaxial  alignment 
[0n]MgO//I10l0]Al2O3  and  [2  1  l]MgO//[i210]Al2O3, 

The  r-cut  (1  l02)Al2O3  sample  revealed  tilt  and  twists  of  ±2°  between  the  grains  shown  in 
rig.  4.  Low  angle  boundaries  and  dislocations  were  also  identified.  The  election  diffraction 
pattern  showed  (lOO)MgO  plane  matching  with  (2201)Ai2O3  (The  diffraction  panem  shown 
was  obtain^  by  ulting  the  sample  23''  from  the  r-plane,  resulting  in  an  epitaxial  (lOO)MgO 
pattern.)  When  the  sample  w^  not  tilted,  only  one  direction  of  the  MgO  diffraction  spots  was 

detected  aligning  with  the  [  1 1 20]Al2C>3  while  the  diffraction  spots  in  the  other  in-planc  direction 
were  not  visible,  therefore  a  crystal  orientation  could  not  be  dctcrincd.  It  was  deduced  from  the 
electron  diffraction  pattern  that  a  high  index  (730)MgO  plane  matched  with  r-cui  (n02)Al2O3. 
The  in-plane  orientations  were  [370]MgO//lI  IOUAI2O3  and  [001  ]MgO//[l  I2OIAI2O3. 


Fig.  4.  Plan  view  micrograph  and  electron  diffraction  pattern  of  MgO  on  r-cut  sapphire  The 
MgO  is  epitaxial  with  tilt  and  twists  of  ±2°  between  the  grains. 


Fig,  5.  Electron  diffraction  pattern  of  MgO 
on  m-cut  sapphire. 


Fig.  6.  Electron  diffraction  pattern  of  MgO 
on  a-cut  Sapphire. 
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The  microstnicturc  of  the  MgO(l  10)  on  m-cut  (10i0)Al2O3  consists  of  low  angle  grain 
boundaries,  tilt  and  twists  of  i  3°  between  the  ^ns,  and  dislocations  due  to  the  lattice 
mismatch.  The  electron  diffraction  pattern  in  Fig.  5  reveals  in-plane  orientations  of 

[001]MgO//[1210]Al203  and  [i  lOlMgC/ZlOGOllAhOB- 

TEM  analysis  of  the  MgO(l  1 1)  on  a-cut  (11 20)Al2O3  revealed  a  microstnicturc  also  of 
low  angle  grain  boundaries  with  tilt  and  twists  of  between  the  grams.  The  in-plane 
orientations  are  [On]MgO//IOOOi]Al203  and  (2 1  l]MgO//li  100]Al203  as  determined  by  the 
electron  diffraction  pattern  in  Fig.  6. 

The  orientations  of  our  MgO  on  sapphire  match  those  reported  by  Talvacchio  et  al.  [7], 
except  for  the  MgO  orientation  on  r-cut  sapphire;  they  achieved  MgO(lOO)  on  r-cut  sapphire  as 
determined  by  XRD  and  RHEED  analysis.  However,  their  film  processing  included  post 
deposition  annealing,  while  our  films  were  deposited  in  situ,  and  they  did  not  perform 
microstructural  characterization  on  their  MgO  films. 


MgO  (n  1 )  on  AlzOs  (0(X)1 )  MgO  (1 10)  on  AUOi  (lOTO) 


MgO(ni)on  Al203(U20) 


MgO  (100)  on  Ab03  (11*02) 
#(1101) 

Vt-UL- 

LHOO]  U  U 

94* 


(d) 


I  3.5A  1 


Fig,  7.  Planar  views  of  atomic  orientations  of  MgO  on  various  orientations  of  Ai203  as 
suggested  from  TEM  electron  diffraction  patterns.  These  are  shown  for  the  purpose  of 
visualizing  lattice  match  and  symmetry,  not  to  imply  the  actual  atomic  positions  of  the  Mg  and  O 
atoms  bonded  to  sapphire;  Os=Oxygen  atom  of  sapphire,  OM=Oxygcn  atom  of  MgO. 
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the  MgSdlaTpS^-^'e^Cce  n=la,ioaships  between 

between  6-12%  Althnnph  rhic^^  mismatch  ^twcen  first  neighbor  atom-atom  lengths  was 

j.in,  «,=d .».,  ,^-,E.  sSir„rsi.“.r5t  bT.  „ 

At^ic  force  microscopy  (AFM)  revealed  smooth  texture  for  the  MgO  films  on 
dll^'ancTdSlaJ^i  an^iveS^surft'e  Sn"sY“‘  -casumd  over  1000  nm 

^  ^  roughness,  Ra^  of  0.35  nm.  Also  deposited  at  700°C,  the 

film  b!/TO^r'imii'}he’’R^^To^‘^^Th  ^  "in-.foribeMgOoiir-cui(liOZ)Al20j,tJ.e 


V.  CONCLUSIONS 

passtvadoT  Effects  of  temne™^ 

should  be  explored  Growth  conditinnc  PJ'sssure  variations  on  the  orientation  of  MgO 

AI2O3  need  to  b^addreSrd  funhe^^^ onentat.ons  result.ng  in  (lOO)MgO  on 
YBCO  PZTandKNhOz  ilnn..  '  and  overlaver  deposition  of 

attempted^  well  '’  ®  orientatton-dependent  propen, es  wilf  be 
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ABSTRACT 

Initial  results  of  the  waveguiding  properties  of  KNb03  are  presented  The 

refractive  indices  of  epitaxial  films  deposited  on  single  crystal  magnesium  oxide  substrates  have 
been  measured.  Additionally,  these  films  have  been  used  as  the  basis  for  modelling  a  potassium 
niobate  thin  film  phase  modulator.  Results  of  the  model  are  compared  with  existing  technology. 


INTRODUCTION 

Ferroelectric  materials  possess  great  potential  for  use  in  integrated  optics  due  to  their  strong 
electro-optic  and  non-linear  optical  effects.  Thin  film  fabrication  methods  for  these  materials  are 
currently  the  subject  of  much  study.  High  quality,  transparent,  low  loss  films  must  be  grown  for 
application  into  device  structures.  An  important  parameter  in  determining  the  quality  of 
ferroelectric  thin  films  is  the  refractive  index  which  can  be  measured  using  several  techniques 
including  the  prism  coupling  method.  Lower  than  bulk  values  of  refractive  index  often  indicate 
porous,  off- stoic  biometry,  or  poor  quality  thin  films  unsuitable  for  devices. 

Of  the  materials  being  considered  for  use  in  integrated  optic  switching  devices,  potassium 
niobate  ranks  very  highly  due  to  its  very  strong  electro-optic  effect  and  moderate  dielectric 
susceptibilities.  This  ferroelectric  has  been  difficult  to  grow  in  bulk  crystalline  form,  but  thin  films 
have  recently  been  deposited  making  it  attractive  for  the  integrated  optic  applications. 


EXPERIMENTAL  PROCEDURE 

Potassium  niobate  thin  films  were  prepared  by  an  ion  beam  sputtering  technique  described 
previously.!  1  ]  Sequential  deposition  of  very  thin  layers  of  potassium  oxide  and  niobium  oxide 
from  potassium  superoxide  pressed  powder  and  niobium  metal  targets  resulted  in  the  formation  of 
the  desired  perovskite  phase.  Film  composition  and  thickness  were  determined  from  Rutherford 
Backscattering  (RBS)  spectra.  The  single  phase  nature  of  the  films  was  determined  from  X-ray 
Diffractometer  (XRD)  scans  of  the  films  and  Selected  Area  Diffraction  (SAD)  patterns  from 
transmission  electron  microscope  (TEM)  specimens. 

Optical  guided  waves  were  launched  into  the  thin  films  using  a  symmetrical  rutile  prism 
coupler  [2]  with  a  base  angle  of  60°  and  refractive  index  of  2.8659.  The^ prism  and  film  were 
clamped  together  to  achieve  a  good  coupling  spot  and  the  clamped  assembly  was  mounted  on  a 

goniometer.  A  helium-neon  laser  (k  =  632.8  nm)  was  focused  on  the  coupling  spot  at  the  prism- 
film  interface.  The  light  was  polarized  in  order  to  launch  only  TE  modes  in  the  films.  A  schematic 
of  the  system  is  shown  in  figure  1.  The  reflected  beam  from  the  prism  coupler  was  detected  with  a 
silicon  photodiode  and  its  signal  monitored  with  a  chart  recorder.  The  prism  coupling  assembly 
was  rotated  until  a  sharp  decrease  in  the  reflected  beam  intensity  w'as  detected  signaling  the 
launching  ot  a  guided  mode.  The  coupling  angle  relative  to  normal  incidence  of  the  input  beam  on 
the  entrance  face  of  the  prism  was  measured.  A  computer  was  used  to  perform  the  iterative 
calculation  necessary  to  determine  the  refractive  index  of  the  film  from  the  coupling  angle  and  the 
film  thickness.[3] 
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p.  I  times.  Normally,  the  bandwidth  is  limited  by  the  electrodes  and  is  dctcnnined  as  above.  The 

rig.  0.  Ueonietr>'  of  the  propo.sed  KNb03  electro  optic  modulator.  j  bandwidth  is  therefore  dependent  on  GAV,  increasing  as  the  ratio  of  (iAV  increases.  However, 

I  from  Eq.  (7)  it  can  be  seen  that  a  small  electrode  gap  is  recpiired  to  minimize  the  VL  prrxiuct. 


Due  to  the  high  indices  of  refraction  of  Si  and  GaAs.  low  index  (<2)  buffer  layers  must  first  be 
grown  on  the  substrates  before  the  electro-optic  niaierial.  These  buffer  layers  must  possess  a 
lattice  suitable  to  match  both  the  substrate  and  the  cicciro-optic  material.  Work  is  cunently  in 
progress  at  Nortli  Carolina  State  University  to  grow  such  materials. 
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